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Abstract 
This thesis is concerned with the development of high efficiency four-terminal perovskite-
silicon tandem solar cells with the potential to reduce the cost of solar energy. The work focuses 
on perovskite top cells and can be divided into three main parts: developing low parasitic 
absorption and efficient semi-transparent perovskite cells, doping perovskite materials with 
rubidium, and optimizing perovskite material’s bandgap with quadruple-cation and mixed-halide. 
A further section investigates the light stability of optimized bandgap perovskite cells. 
In a four-terminal mechanically stacked tandem, the perovskite top cell requires two 
transparent contacts at both the front and rear sides. Through detailed optical and electrical power 
loss analysis of the tandem efficiency due to non-ideal properties of the two transparent contacts, 
optimal contact parameters in term of sheet resistance and transparency are identified. Indium 
doped tin oxide by sputtering is used for both two transparent contacts and their deposition 
parameters are optimized separately. The semi-transparent perovskite cell using MAPbI3 has an 
efficiency of more than 12% with less than 12% parasitic absorption and up to 80% transparency 
in the long wavelength region. Using a textured foil as anti-reflection coating, an outstanding 
average transparency of 84% in the long wavelength is obtained. The low parasitic absorption 
allows an opaque version of the semi-transparent perovskite cell to operate efficiently in a 
filterless spectrum splitting perovskite-silicon tandem configuration. In this arrangement, the 
perovskite cell absorbs short wavelength light to generate photocurrent and selectively reflects 
long wavelength light to the silicon cell, and therefore avoids the need for a spectrum splitter. 
Furthermore, the perovskite cell is shown to have an excellent angular response as its normalized 
short circuit current density follows closely the theoretical cosine reduction up to an incident angle 
of 70Ο. This feature of the perovskite cell will be advantageous when used as the top cell in any 
tandem configuration. 
To further enhance the performance of perovskite cells, it is essential to improve the quality 
of perovskite films. This can be achieved with mixed-perovskite FAPbI3/MAPbBr3. However, 
mixed-perovskite films normally contain small a small amount of a non-perovskite phase, which 
is detrimental for the cell performance. Rb-doping is found to eliminate the formation of the non-
perovskite phase and enhance the crystallinity of the films. Rb-doping is studied under different 
excess PbI2 concentrations and the optimal condition is found to be 5% Rb-doping and 15% 
excess PbI2 concentration. The addition of more than 10% Rb results in the formation of an 
unwanted Rb-rich phase due to the significant lattice mismatch between Rb and FA/MA cations. 
An efficiency of 18.8% is achieved for the champion cell as compared to 16% with control cells. 
Importantly, Rb-doping improves the light, moisture and thermal stability of perovskite cells. 
 
 
The optimal bandgap of the perovskite top cell in perovskite-silicon tandems is between 1.7 
eV and 1.8 eV. A quadruple-cation Rb/Cs/FA/MA mixed-halide I/Br perovskite composition is 
explored to obtain high quality perovskite films with a bandgap of 1.73 eV. The ratio between 
Cs/FA/MA cations is critical to the morphology, crystal orientation and electronic properties of 
perovskite films. Furthermore, 5% Rb-doping enhances the crystallinity and suppresses defect 
migration in the films. Semi-transparent cells with efficiencies up to 16% and negligible 
hysteresis are achieved using this material. With excellent transparency and optimal bandgap of 
the semi-transparent perovskite cell, a record four-terminal mechanically stacked perovskite-
silicon tandem efficiency of 26.4% is achieved. 
The light stability of the quadruple-cation mixed-halide perovskite with the optimal bandgap 
of 1.73 eV is under question because of the well-known light-induced phase segregation effect in 
this class of material. Herein, the phenomenon is studied when the perovskite active layer is part 
of a complete cell structure. It is found that this phenomenon is dependent on the operating 
conditions of the solar cell.  Under short circuit and maximum power point conditions, phase 
segregation is found to be negligible compared to the magnitude of segregation under open circuit 
condition. Perovskite cells based on quadruple-cation mixed-halide perovskite with 1.73 eV 
bandgap retain 94% of the original efficiency after 12 hours operating at the maximum power 
point. However, the cells only retain 82% of the original efficiency after 12 hours operating at the 
open circuit condition. This result highlights the need to have standard methods for testing the 
stability of perovskite solar cells.  
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Introduction 
 
 
 
limate change is posing a fundamental threat to people, species and places around the world. 
The consequences of climate change include but are not limited to the following: melting ice 
and rising seas, extreme weather events, risks for human health and wildlife, and costs for society 
and the economy. The cause of climate change has been linked to the increase in greenhouse gases 
mainly coming from human activities [1]. Carbon dioxide (CO2) contributes to 65% of the global 
greenhouse gases [2] and 87% of the CO2 emissions come from the combustion of fossil fuels 
e.g. oil, coal and natural gas for energy generation [3]. Therefore, burning of fossil fuels should 
be decreased to reduce the amount of CO2 emission. 
On the other hand, the world is inevitably facing an energy crisis in the not too distant future. 
With the expanding population, booming economic growth and improved living standards, the 
world energy demand is increasing rapidly. According to the International Energy Outlook 2016 
report, the world energy consumption will grow by 48% between 2012 and 2040. Meanwhile, 
fossil fuels including oil, coal and natural gas currently contribute to around 80% of the world’s 
energy supply and the situation will continue over the medium-long term if no disruptive change 
is made [4]. The limited supply of those natural resources is causing some fear that they are 
starting to run out, which would cause destructive consequences for the globe. 
To solve the above issues, there is a critical need for the development of green and 
sustainable energies such as wind and solar energy. In fact, the world is trending toward this as 
renewable energies made up 55.3% of new power generating capacity installed in 2016 [5]. 
Despite this, renewable power only contributed 11.3% of the global power generation in 2016 
[5]. Many factors are required to rapidly increase the share of renewable energies, but cost is 
crucial since it directly determines the competitiveness of these technologies. 
For solar energy, silicon solar cells currently dominate the PV industry with > 93% market 
share [6]. However, silicon solar cells possess several limitations. In particular, the theoretical 
efficiency limit of a single junction silicon solar cell is 29% [7]. Meanwhile, the record efficiency 
of silicon solar cell is 26.6%, which is approaching this limit [8]. A recent study has identified 
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increasing efficiency as a key driver to further reduce the cost of solar energy in the long term 
because it proportionally reduces the cost per kWp of many components. For example, solar 
module efficiency might potentially double to 35% by 2050, which would reduce the balance-of-
system (BOS) cost by half [9]. To achieve this outcome, new solar cell technologies with higher 
efficiency limits are highly desirable. Tandem solar cells, in which two or more sub-cells are 
connected either electrically or optically or both, have been demonstrated to be practical 
approaches to achieving high efficiency. In tandem cells, the top cell has a higher bandgap and 
efficiently converts high energy photons to electricity at a higher voltage. The bottom cell with a 
lower bandgap absorbs low energy photons transmitted through the top cell, and converts these 
photons to electricity at a lower voltage. This approach allows each sub-cell to operate efficiently 
over a narrower spectral range and offers higher efficiency limits due to the higher voltage of the 
top cell.  For example, the efficiency limits of dual-junction and triple-junction tandem are 45% 
and 50.5%, respectively [10]. With the current dominance of silicon solar cells, it would be a wise 
strategy to extend its manufacturing processes and infrastructure for the development of silicon-
based tandems with higher efficiencies. This strategy has already been reflected in the 
International Technology Roadmap for Photovoltaic 2017, in which Si-based tandems are 
expected to appear in mass production in 2021 (Figure 1) [11].  
The record efficiency of 29.8% for dual-junction Si-based tandem cells has been achieved  
with a GaInP top cell, which surpasses the efficiency limit of silicon cells [12]. However, the 
production of GaInP cells is costly and difficult on large scales, which hinders the 
commercialization of this technology. A promising candidate to act as the top cell in Si-based 
tandems is the perovskite solar cell. Perovskite solar cells have emerged rapidly in the last several 
years owing to their low cost, versatile deposition process, suitable bandgap and high efficiency 
[13, 14]. Perovskite-silicon tandems might provide a viable solution to upgrade silicon cells’ 
efficiency and reduce the cost of solar energy. This might finally lead to the solar energy 
overtaking fossil fuels and limit the impact of climate change. 
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Figure 1: Current and projected worldwide market shares for different Si-based cell technologies. 
(Adapted from [11]) 
 
The thesis aims to develop high efficiency perovskite-silicon tandems. The tandem 
efficiency is targeted to be higher than 26% and should be significantly higher than the efficiency 
of each sub-cell. Besides, the tandem systems are expected to perform stably under light. 
There are two main configurations for perovskite-silicon tandems: two-terminal and four-
terminal. This thesis focuses on the four-terminal configuration in both mechanically stacked and 
spectrum splitting arrangements. The central point of the work is the fabrication of low parasitic 
absorption and efficient semi-transparent perovskite top cells, which are the prerequisites for high 
performance tandem systems. This requires redesigning many layers on the perovskite cell 
especially the transparent contacts to minimize electrical and optical losses and engineering the 
perovskite composition to achieve high quality films with an optimal bandgap. Several 
characteristics of the perovskite cell such as the angular response and light stability are studied to 
further evaluate its potential in tandem configurations. 
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Chapter 1 provides an overview of perovskite materials and the most common deposition 
methods being employed at the cell level. Different perovskite cell structures and their working 
principles are explained, and the outstanding properties of the perovskite materials that enable 
high efficiency are presented. In particular, the bandgap tuning feature of the perovskite materials 
is discussed in more detail. Finally, the potential, progress and challenges of perovskite-silicon 
tandems are discussed at the end of the chapter. 
Chapter 2 presents the development of low parasitic absorption semi-transparent perovskite 
solar cells. The work primarily focuses on optimizing the transparent conducting oxides at the 
front and rear sides of the semi-transparent cell to balance and minimize the optical losses and 
electrical losses in the tandem system. 
In Chapter 3, an efficient four-terminal perovskite-silicon tandem in a filterless spectrum 
splitting configuration is demonstrated. The angular response of the perovskite cell is also 
examined to further evaluate the potential of this cell as the top cell in tandem configurations. 
In the previous two chapters, methylammonium lead iodide (MAPbI3) perovskite is used to 
fabricate perovskite cells. This limits the attainable performance of the cells. In Chapter 4, a 
mixed-cation mixed-halide perovskite is used to improve the performance. Rubidium is also 
incorporated into the mixed-cation perovskite composition and its effect on the cell performance 
and stability is studied under the interplay of different excess PbI2 concentrations.  
In Chapter 5, a quadruple-cation mixed-halide perovskite with an optimized bandgap of 1.73 
eV is developed to be used in a four-terminal mechanically stacked perovskite-silicon tandem. 
This chapter demonstrates the record efficiency of 26.4% achieved for the four-terminal 
mechanically stacked perovskite-silicon tandem. 
Chapter 6 examines the light-induced phase segregation on perovskite films using the 
optimized bandgap perovskite composition developed in Chapter 5. This phenomenon is studied 
inside the perovskite active layer in a complete cell structure and it is linked to the stability of the 
perovskite cells operating at different conditions. 
Finally, a summary of the main contributions made in this thesis and suggestions for future 
work are presented in Chapter 7. 
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Perovskite Solar Cells and Perovskite-Silicon 
Tandems 
 
erovskite solar cells (PSCs) have emerged to become one of the most promising photovoltaic 
technologies in history. In less than eight years of development, the efficiency of PSCs has 
increased from 3.8% to a certified efficiency of 22.1% [1]. This unprecedented pace of 
development has attracted much attention and brought many scientists and engineers to the field. 
This chapter provides an overview of the perovskite materials and the most common 
techniques being used to deposit this class of material. Different device structures will be 
presented; their working principles, advantages and disadvantages will be explained. 
Furthermore, the properties of the perovskite material, which enable such an excellent 
photovoltaic performance, will be unravelled. In particular, the tuneable bandgap property of the 
perovskite material will be discussed in more detail as this is the most attracting feature for tandem 
applications. Finally, the potential, current progress and challenges of perovskite-silicon tandems 
will be presented. 
Perovskite originally referred to a mineral calcium titanate, CaTiO3, which was discovered 
in 1839 and named after the Russian mineralogist Lev Perovski. Perovskite now is used for any 
material adopting the same crystal structure as calcium titanate CaTiO3, which is ABX3. In the 
structure, A is a monovalent cation, B is a divalent metal cation (A should be larger than B), and 
X is an anion. As shown in Figure 1.1, the perovskite crystal structure includes the corner-sharing 
octahedral BX6 unit and the A cation placed in the cuboctahedral interstices [2]. The size and the 
electronegativity of the B and the X ions will determine the volume being occupied by the A ion. 
Generally, perovskite systems can be divided into two main sub-classes: oxide perovskite and 
halide perovskite. Some perovskite materials do not belong to either of the two groups e.g. 
MgCNi3, which has neither oxygen nor halide component [3]. While oxide perovskites have been 
investigated extensively with many intriguing properties such as magnetoresistance, 
P 
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will be presented. 
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ferroelectricity and superconductivity [4], it is halide perovskites which have attracted broad 
attention in the photovoltaic community. For halide perovskites, A can be organic cations such as 
CH3NH3 (methylammonium or MA), NH2(CH)NH2 (formamidinium or FA), or A can be 
inorganic cations such as caesium (Cs) and rubidium (Rb). B is commonly lead (Pb) or tin (Sn). 
And X is a halide anion, which can be one of the following: iodide (I), bromide (Br), and chloride 
(Cl). This thesis only focuses on halide perovskites and refers them to the general term perovskites 
from now. 
 
Figure 1.1: (a) Crystal structure of perovskite materials ABX3, which shows the BX6 octahedral 
and A-site cation placed in the cuboctahedral interstices. (b) The cubic crystal structure of the 
most widely investigated perovskite MAPbI3. (Adapted from [5]) 
The ability of a material to form a perovskite can be roughly predicted based on two main 
factors. The first is the Goldschmidt tolerance factor t, which is defined as the ratio between the 
distance of A and X to the distance of  B and X  as presented in Equation 1.1 [6]. 
                                                               𝑡𝑡 = 𝑟𝑟𝐴𝐴+𝑟𝑟𝑋𝑋
√2[𝑟𝑟𝐵𝐵+𝑟𝑟𝑋𝑋]
                            [Equation 1.1] 
The second factor is the octahedral factor µ, which is the ratio between the ionic radius of B 
and X as presented in Equation 1.2. 
                                                        µ = 𝑟𝑟𝐵𝐵
𝑟𝑟𝑋𝑋
                            [Equation 1.2] 
In both formulas, ri is the radii of the ions in ABX3, and i = A, B and X, respectively. 
For the formation of established perovskite structures, the tolerance factor t should be in the 
range of 0.8 – 1.0, while the narrower range of 0.89 – 1.0 normally results in an ideal cubic crystal 
structure. At the lower end of this range, the perovskite structure might be distorted due to titling 
of the BX6 octahedral and lowering of the symmetry [7]. Values of t outside of the range indicate 
that A is too big or too small to fit into the BX6 cuboctahedral interstices, and normally result in 
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formation of other crystal structures. As examples, an orthorhombic structure might form when t 
˂ 0.8, and a hexagonal structure might form when t > 1 [8]. The octahedral factor µ should be in 
the range of 0.44 - 0.72, for B and X to form stable basic units of the sixfold coordination 
octahedral structure BX6 [2]. It is emphasized that this model can only be used as a rough 
estimation since the ionic radii of the constituents cannot be taken as absolute values due to their 
complex geometries and constant movement in the lattice [7, 9]. Besides, more than one 
perovskite structures can be realized with one composition with different deposition methods and 
post-deposition treatments. 
Table 1.1 lists the values of ionic radii of four different A-site cations, two B-site cations and 
three X halide anions. Figure 1.2 shows the calculated Goldschmidt tolerance factors and 
octahedral factors of 24 perovskite compounds formed by combination the abovementioned 
constituents in Table 1. Most of perovskite materials with FA, MA and Cs cations fall inside the 
established perovskite region, with some compounds falling into the ideal cubic perovskite region. 
This illustrates that most of the perovskite materials with FA, MA and Cs cation can be utilized 
for solar cell applications, which has already been well demonstrated in the literature. It is noted 
that the model does not consider the fact that perovskite structures can be changed at different 
temperatures. For example, MAPbI3 with the tolerance factor t marginally close to 0.9, forms the 
tetragonal structure at room temperature and converts to the cubic structure at ~ 57 οC [10]. As 
another example, FAPbI3 with a tolerance factor t that lies marginally close to 1, is non-perovskite 
hexagonal structure at room temperature but converts to the cubic structure at higher than 160 οC. 
On the other hand, most of perovskite compounds with Rb as the A-site cation are outside of the 
established perovskite region. This is due to the excessively small size of the Rb compared to the 
BX6 cuboctahedral interstices. Annealing those perovskite compounds at temperatures as high as 
500 οC does not convert them into the established perovskite structures. The confirmation of non-
perovskite structure in RbPbI3 has been verified by several reports [11-13]. A novel way to form 
stable established perovskite structures is to engineer the perovskite composition. In other words, 
by mixing different A/B cations and X anions, the tolerance factor can be tuned to the optimal 
range with better performance and more stable perovskites [8, 14-16].  
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A-side Cation Effective radius reff (pm) 
Formamidinium (FA) [NH2(CH)NH2] 253 
Methyammonium (MA) [CH3NH3] 217 
Ceasium (Cs) 167 
Rubidium (Rb) 152 
B-side Cation  
Lead (Pb) 119 
Tin (Sn) 110 
Halide Anion  
Iodide (I) 220 
Bromide (Br) 196 
Chloride (Cl) 181 
 
Table 1.1: Ionic radii of commonly used A-side cations, B-side cations and X halide anions. The 
data is taken from [13]. 
 
Figure 1.2: Calculation of the Goldschmidt tolerance factor and octahedral factor of 24 
perovskite compounds comprising of the common constituents listed in Table 1.1. 
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Perovskite materials including CsPbI3, CsPbBr3 and  CsPbCl3 were firstly synthesized from 
aqueous solution in 1893 [17]. Those materials were confirmed to possess the perovskite structure 
using crystallographic study in 1958 [18]. About 20 years later, the first organic-inorganic 
perovskites were prepared by Weber, in which he replaced the Cs cation by an organic cation MA 
[19, 20]. From the 1990s to early 2000s, David Mitzi and co-workers performed pioneering work 
using organic-inorganic perovskites for Light Emitting Diodes (LED) and Thin Film Transistors 
(TFT) [21]. Not until 2009 did Myasaka report the first photovoltaic devices using two perovskite 
compounds in this class of material, MAPbI3 and MAPbBr3 [22].  
Techniques for depositing perovskite materials can be divided into solution processing, 
thermal evaporation and hybrid chemical vapour deposition. So far, solution processing has been 
the most popular technique being used by the labs around the world. Of the solution processing 
techniques, spin-coating has proven to be the most effective method in achieving high efficiencies 
in small devices with active area of ~ 1 cm2. However, methods such as slot die coating or doctor-
blading need to be employed for scaling up [23, 24]. Figure 1.3 illustrates different methods for 
spin-coating perovskite on substrates. The one-step coating process involves the spinning of a 
single perovskite solution, which combines MAI/PbI2 (1:1 molar ratio) or MAI/PbCl2 (3:1 molar 
ratio) in dimethylformamide (DMF). In the two-step coating process, PbI2 solution in DMF is 
first introduced to the substrate, and then is subsequently transformed into the perovskite by 
exposing it to MAI either through dip-coating [25] or spin-coating [26]. It was realized early on 
that control of nucleation and crystallization of the perovskite in the conventional one-step coating 
process was difficult, and therefore great efforts have been put into further development along 
this path. Among those, the anti-solvent method [27], the solvent engineering method [28] and 
the Lewis acid–base adduct approach [29] are the most successful to achieve high efficiency 
perovskite solar cells. The latter two methods involve the forming of an intermediate phase MAI-
PbI2-dimethyl sulfoxide (DMSO), which is critical to the growth of high quality uniform 
perovskite films. In the two-step method route, incomplete conversion of PbI2 into MAPbI3 was 
the major concern. This concern has been addressed by replacing the commonly used DMF 
solvent by the DMSO solvent in the first spinning step. Since the DMSO solvent has high boiling 
point, low saturated vapour pressure  and strong coordination ability with PbI2, this method retards 
the crystallization of PbI2 in the first step, which is beneficial for the complete conversion of PbI2 
to perovskite in the second step [30]. This method was further developed into the intramolecular 
exchange method and applied to FAPbI3 perovskite to achieve a certified efficiency of 20.1% 
[31]. 
1.2 Perovskite deposition techniques 
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Figure 1.3: Schematic of perovskite deposition using solution process method: (a) one-step 
coating method and (b) two-step coating method. (Adapted from [32]) 
A novel way to deposit perovskite materials without the use of any solvent is to employ the 
thermal evaporation method [33]. Figure 1.4 illustrates the setup of a dual-source thermal 
evaporation system. An organic precursor salt (MAI) and an inorganic precursor salt (PbI2 or 
PbCl2) are evaporated simultaneously from two separate sources at a high vacuum on rotating 
substrates. By controlling the key deposition parameters e.g. deposition rates and times for the 
two sources, the method has resulted in the perovskite films with better morphology and higher 
surface coverage compared to the films deposited by the conventional one-step solution process 
(without the use of any treatment). This method has the capability to coat uniform perovskite 
films on large substrates and on substrates with medium to large features (size of ~ 1 µm and 
beyond) e.g. textured surfaces such as pyramid textured silicon wafers. However, so far the 
thermal evaporation method has been shown to be only suitable for planar devices as presented 
in the next section, because of the difficulty in filling the pores of the mesoporous TiO2 network, 
which has a particle size ~ 30 – 50 nm in the mesoporous structure. Nevertheless, efficiencies up 
to 20% has been reported with this method [34]. It is noted that increasing the complexity of 
perovskite can be achieved by extending the number of sources. Moreover, inorganic perovskite 
has already been demonstrated by this technique [35]. 
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Figure 1.4: Perovskite by thermal evaporation (a) setup of the machine. (b) SEM image of a one-
step coating solution processed perovskite film without any treatment. (c) SEM image of a thermal 
evaporated film. (Adapted from [33]) 
Another innovative approach to deposit perovskite films is to use vapour assisted solution 
process or VASP [36]. In this approach, PbI2 is deposited on the substrate either by solution 
process or single source thermal evaporation. It is then converted into perovskite by exposing the 
as-deposited PbI2 film to MAI vapour (Figure 1.5a). The method results in a more uniform 
perovskite film with up to micron scale grain size. Subsequently, this method has been further 
developed into a more scalable version called hybrid chemical vapour deposition or HCVD [37]. 
The HCVD method starts from PbI2 films deposited by thermal evaporation with a single source. 
The films are placed in a low temperature central zone of a tube furnace, where a flow of gas 
phase MAI coming from the high temperature zone interacts with the PbI2 films to form the 
perovskite films (Figure 1.5b). With multiple zones, the method has better control of pressure, 
gas flow rate and substrate temperature, and therefore leads to more reproducible results. 
a b 
c 
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Figure 1.5: (a) Vapour assisted perovskite deposition method – VASP. (Adapted from [36]) (b) 
Hybrid chemical vapour deposition method – HVCD. (Adapted from [37]) 
Lastly, single crystal perovskites have attracted much attention although no efficient solar 
cell device has been reported with this class of material [38]. Single crystal perovskites can be 
grown using different methods. The first method uses an anti-solvent vapour-assisted 
crystallization (AVC) strategy, in which an anti-solvent is slowly diffused into a solution 
containing perovskite precursor and finally leads to the formation of single crystal perovskites 
(Figure 1.6a) [39]. The second method uses a top-seeded solution-growth (TSSG) strategy, in 
which a temperature gradient maintained between the top and bottom of a supersaturated 
perovskite solution induces a sufficient convective transport of perovskite from the bottom to the 
top of the container to grow large size single crystals (Figure 1.6b) [40]. Another approach is 
called inverse temperature crystallization (ITC), in which perovskite precursor in suitable solvents 
is heated up to a fixed temperature to induce fast crystallization of perovskite single crystals 
(Figure 1.6c). This method results in one order of magnitude faster crystal growth than the 
previous methods [41]. 
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Figure 1.6: Growth of perovskite single crystals. (a) By anti-solvent vapour-assisted 
crystallization – AVC. (Adapted from [39])  (b) By top-seeded solution-growth - TSSG. (Adapted 
from [40]) (c) By inverse temperature crystallization - ITC. (d, e) Growth of MAPbI3 and 
MAPbBr3 single crystals by the ITC method at different time intervals. (Adapted from [41]) 
In the first perovskite solar cells, the organic-inorganic perovskite material was used to 
replace the dyes in Dye Sensitized Solar Cells (DSSCs). In these devices, several micron thick of 
TiO2 was used to transport electrons and liquid electrolyte was used to collect holes [22, 42]. The 
main drawback of this structure is that the perovskite dissolves or decomposes in the employed 
electrolyte, which rapidly degrades the devices. With the development of solid state hole transport 
materials such as 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-
MeOTAD) [43], all-solid-state mesoscopic perovskite solar cells were fabricated with improved 
performance and stability [44]. In the current perovskite solar cell structures, the photoactive 
1.3 Device structures and working principles  
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perovskite layer is usually sandwiched between an electron transport layer (n-type) and a hole 
transport layer (p-type). Frequently, the perovskite solar cell device structure is realized based on 
which side the light encounters first during the cell operation. As a result, perovskite solar cell 
structure can be categorized into two subclasses: n-i-p or conventional structure and p-i-n or 
inverted structure. The cell structure determines the choice of different charge transport layers 
and corresponding deposition methods for device function and process compatibility. 
In the conventional n-i-p structure as shown in Figure 1.7a, a 30 nm - 50 nm compact electron 
transport layer (normally TiO2) is firstly deposited on a transparent conducting oxide glass 
substrate (normally fluorine doped tin oxide FTO). It is followed by an optional mesoporous TiO2 
layer with the thickness varying from 100 nm to 300 nm. A perovskite active layer is deposited 
on the substrate, which fills the pores of the mesoporous layer if the layer is present and 
additionally creates a uniform perovskite capping layer (300 nm – 500 nm in thickness). A hole 
transport layer such as Spiro-MeOTAD and poly-(triarylamine) (PTAA) is deposited on top of 
the perovskite layer and the device is finished with Au or Ag contact. The vacuum energy levels 
for different materials within the device are shown in Figure 1.7b, which also indicates the flow 
of electrons and holes to respective contacts due to the favourable energy alignment.  
 
Figure 1.7: (a) Schematic of a conventional n-i-p perovskite cell. (b) The vacuum energy levels 
in eV for corresponding layers in the perovskite solar cell.  (Adapted from [45]) 
In the inverted p-i-n structure, a hole transport layer such as poly(3,4-
ethylenedioxythiophene) poly(styrene-sulfonate) (PEDOT:PSS) or NiOx is firstly deposited on a 
transparent conducting oxide glass substrate (normally indium doped tin oxide ITO). A perovskite 
active layer is deposited on the substrate, and it is then covered by an electron transport layer 
([6,6]-phenyl C61-butyric acid methyl ester (PCBM) or ZnO). A metal contact (Au, Ag or Al) is 
then thermally evaporated to finish the devices. The schematic of the device and the vacuum 
energy levels of different layers in the device are illustrated in Figure 1.8. Like the conventional 
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p-i-n structure, in here electrons and holes are generated in the perovskite active layer upon photo-
absorption and travel to the selective contacts due to the favourable energy alignment. The 
inverted structure has an advantage over the conventional structure in which the devices can be 
processed at temperatures lower than 300 οC as compared to high temperatures of up to 500 οC 
normally required for the fabrication of the conventional devices. Moreover, the hysteresis effect 
of perovskite solar cells, represented by the dependence of the current-voltage characteristics on 
the measurement scan rate, scan direction and pre-bias condition of the devices, is rarely observed 
on the inverted p-i-n devices while the effect is usually observed in the conventional n-i-p devices. 
Nevertheless, the highest device performance has been obtained with the conventional structure 
utilizing TiO2 as the electron transport layer. 
 
Figure 1.8: (a) Schematic of an inverted p-i-n perovskite cell. (b) The vacuum energy levels in eV 
for corresponding layers in the perovskite solar cell. (Adapted from [46]) 
A novel perovskite solar cell architecture named quasi-interdigitated electrodes (QIDEs) has 
recently been reported, which differs significantly from the two abovementioned structures [47]. 
As shown in Figure 1.9, while this structure employs the same charge transport layers as the p-i-
n and n-i-p structures, it positions both the n-type and p-type electrodes on one side of the 
photoactive material in the interdigitated arrangement. The photoactive perovskite layer is then 
deposited on top of the interdigitated electrodes. This structure avoids the complete blocking of 
light in one side of the devices and it allows the devices to operate bi-facially; and therefore it 
potentially offers higher power output. The main disadvantage of this structure is the fabrication 
complexity, which would hinder its potential commercialization. 
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Figure 1.9: (a) Schematic of the quasi-interdigitated back contact perovskite solar cells. (b) The 
vacuum energy levels in eV for corresponding layers in the perovskite solar cell. (Adapted from 
[47]) 
Perovskite solar cell efficiency has surpassed 22% after about 8 years of development [48]. 
Based on the detailed balance calculation, the efficiency limit of perovskite cell is predicted to be 
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1.4 Enabling properties of perovskite materials 
Chapter 1: Perovskite Solar Cells and Perovskite-Silicon Tandems  18 
  
Figure 1.10: Optical absorption coefficient of the perovskite material MAPbI3 in comparison with 
other materials. (Adapted from [50]) 
From first principles density-functional theory (DFT) calculations, perovskite has been 
shown to have unusual defect physics. Depending on growth conditions, the electrical properties 
of perovskite can be tuned from good p-type material, intrinsic to good n-type material. In contrast 
to other thin film materials such as CdTe and a-Si, defects in the perovskite material with low 
formation energies only exist at shallow levels, while defects at deep levels require much higher 
formation energies [51]. The film growth conditions and the choice of materials considerably 
affect the formation of defects. For instance, a high density of electron traps is found in perovskite 
films grown under iodide-rich condition and chloride doping prevents the formation of those 
defects [52].  
Electron and hole diffusion lengths in the polycrystalline mixed-halide perovskite material 
MAPbI1-xClx have been shown to exceed 1 µm [53].  This is attributed to both low recombination 
rate and high charge mobility with an estimated lower bound of 10 cm2 V-1 s-1 [54]. Moreover, 
diffusion lengths more than 175 µm have been reported for single crystal perovskite, which is two 
order of magnitude higher than its polycrystalline counterpart [40]. This exceptional diffusion 
length in the single crystal perovskite comes from exceptionally high charge mobility (up to 165 
cm2 V-1 s-1 for holes and 25 cm2 V-1 s-1 for electrons) and an abnormally low trap-state density of 
~ 4 × 1010 cm-3 [40].  
It has been shown that in perovskite, free charges are formed within 1 ps of photoexcitation 
at room temperature, which arises from low exciton binding energies in the range of a few meV 
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to tens of meV [55]. Non-radiative recombination in the perovskite material is strongly suppressed 
and very high photoluminescence quantum efficiency (PLQE) has been demonstrated [56]. The 
intrinsic bimolecular recombination rate constant in the MAPbI3-xClx perovskite has been 
experimentally determined with the values ranging between 0.6 × 10-10 to 14 × 10-10 cm3s-1. The 
values are comparable with the bimolecular recombination rate constant 4 × 10-10 cm3s-1 of the 
direct inorganic semiconductor GaAs [57]. This property explains the very high open circuit 
voltage (VOC) obtained from perovskite solar cells as shown in Figure 1.11, which compares the 
figure of merit “loss-in-potential” presented by the difference between the effective bandgap 
potential and the experimentally achieved VOC ∶ 𝐸𝐸𝐺𝐺/𝑞𝑞 − 𝑉𝑉𝑂𝑂𝑂𝑂  of different materials. With the 
highest value VOC of 1.24 V at a bandgap of 1.63 eV recently reported [13], the loss-in-potential 
of perovskite solar cell is now ~ 0.39 V, which is comparable to Si and GaAs. 
 
Figure 1.11: Open circuit voltage VOC vs optical bandgap EG for the best-in-class solar cells with 
different technologies. (Adapted from [58]) 
The high radiative recombination yield and the long carrier lifetime of the perovskite material 
open up an interesting phenomenon, which is photon recycling. The charge extraction coming 
from the photoexcitation more than 50 µm away from the contacts has been observed and it is 
caused by the repeated recycling between photons and electron-hole pairs [59]. Therefore, it is 
expected that better photon management inside the device can potentially improve its 
performance toward the Shockley-Queisser limit. 
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Bandgap tuning is one of the most attractive properties of the perovskite material, especially 
for tandem applications. The most commonly used perovskite MAPbI3 has a bandgap of ~ 1.57 
eV. However, by changing the composition of the perovskite material, its bandgap can be tuned 
broadly to cover the whole solar spectrum from ultraviolet to infrared. 
It has been shown that by changing the A-site cation, the bandgap of the material can be 
slightly tunned. Moving from FA, MA to Cs with decreasing ionic sizes, the bandgap of the 
material increases from 1.48 eV, to 1.57 eV, and to 1.73 eV respectively [60]. Changing of the 
metal cation from Pb to Sn also greatly alters the bandgap of the material. However, using Pb-Sn 
alloys results in an anomalous bandgap change, which does not follow the linear trend as 
suggested by Vegard’s law [61]. While MAPbI3 possesses a bandgap of 1.57 eV and MASnI3 has 
a bandgap of 1.35 eV, the alloyed perovskite MAPb0.5Sn0.5I3 has a significantly lower bandgap of 
1.17 eV [62].  
The most convenient and popular method of tuning the bandgap of perovskite is to use mixed 
halides (mainly I and Br). It was first demonstrated that the bandgap of MAPb(I1-xBrx)3 varies 
from ~1.57 eV to 2.29 eV following Vegard’s law when x varies from 0 to 1 [63] (Figure 1.12a-
c). This change correlates well with the change in the pseudo-cubic lattice parameter of the 
material although there is a slight disruption at the tetragonal to cubic phase transition point 
between x = 0.13 and 0.2 (Figure 1.12d). The same phenomenon is not completely observed with 
FAPb(I1-xBrx)3, as the perovskite phase is not formed within a range of x from 0.3 to 0.5 (Figure 
1.12e, f, i) [64]. This range of composition ratio is near to the crystal phase transition from 
tetragonal (x ˂ 0.3) to cubic (x ˃ 0.5) structure when iodide is replaced by bromide, and therefore 
the material is unable to crystalize. The resulting material is amorphous with high levels of 
energetic disorder and low absorption. However, by partially replacing FA cation by Cs cation in 
the form of FA0.83Cs0.17Pb(I1-xBrx)3, the phase instability region is completely removed and the 
optical bandgap of the material follows precisely Vegard’s law over the whole range of x (Figure 
1.12h, g, j) [65]. Furthermore, similar behaviour has been demonstrated with inorganic perovskite 
CsPb(I1-xBrx)3, as the bandgap is gradually tuned from 1.73 eV to 2.38 eV [66]. 
1.5 Bandgap tunning for perovskite materials 
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Figure 1.12: (a-d) Bandgap tunning of MAPb(I1-xBrx)3 with the change in the absorbance, colour, 
bandgap and lattice parameter. (Adapted from [63]) (e, f, i) Bandgap tuning of FAPb(I1-xBrx)3 
with the change in the colour, absorption and X-ray diffraction pattern. (h, g, j) Bandgap tuning 
of FA0.83Cs0.17Pb(I1-xBrx)3 with the change in the colour, absorption and X-ray diffraction pattern. 
(Adapted from [65]) 
An interesting phenomenon, light-induced phase segregation, has been reported in mixed-
halide perovskite material MAPb(I1-xBrx)3. With 0.2 ˂ x ˂ 1, the luminescent peak of the 
perovskite material is red-shifted to 1.68 eV under illumination in less than 5 minutes regardless 
of the halide composition and the original bandgap (Figure 1.13). This change is accompanied by 
the growth in sub-bandgap absorption states and splitting of the X-ray diffraction peaks. It is 
hypothesized that photoexcitation induces halide segregation, which results in iodide-rich and 
bromide-rich regions. The iodide-rich regions have low bandgap and act as traps, which dominate 
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the photoluminescence of the material. Interestingly, the original luminescent peak is recovered 
after the material is left in the dark [67]. The origin of this phenomenon has been linked to the 
electron-phonon coupling, by which photo-generated charges deform the surrounding lattices to 
destabilize the solid solution [68]. Existing defects in the material also contribute to the 
phenomenon through vacancy-mediated halide migrations. Therefore, the light-induced phase 
segregation depends on the degree of electron-phonon coupling and defect concentration in the 
material. The use of different perovskite compositions such as FA0.83Cs0.17Pb(I1-xBrx)3 and 
CsPb(I1-xBrx)3 significantly supresses the light-induced phase segregation, likely due to the 
decrease in the electron-phonon coupling [65, 66]. Growing larger perovskite crystals with lower 
defect concentration has been shown to bring the same benefit [69].  
 
Figure 1.13: Reversible light-induced phase segregation phenomenon in the mix-halide MAPb(I1-
xBrx)3 as indicated by the red-shift of the luminescent peak under illumination and the recovery of 
the peak under dark conditions. 
Perovskite-silicon tandems offer several appealing advantages over other PV technologies. 
First of all, the tandem system can potentially achieve more than 30% efficiency [70, 71], which 
is much higher than the current record silicon cell efficiency of 26.6% [1] and exceeds the 
theoretical efficiency limit ~ 29% of silicon solar cells [72]. Secondly, perovskite materials 
possess suitable bandgaps and versatile deposition processes on various types of substrates. 
Thirdly, this approach provides an extension of current silicon cell manufacturing processes and 
infrastructure. As silicon solar cells currently dominate the photovoltaic market, with more than 
93% market share [73], this approach would introduce substantially less risk than establishing a 
1.6 Perovskite-silicon tandems: potential, progress and challenges 
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new market entrance for a next-generation solar cell [74]. As a result, perovskite-silicon tandem 
has been one of the most popular research directions among different laboratories in the world. 
Furthermore, different companies such as Oxford PV and Iris PV are working on the 
commercialization of the perovskite-silicon tandem technology.  
There are different configurations for perovskite-silicon tandem as shown in Figure 1.14. 
The first one is the two-terminal monolithic tandem, in which the top cell and bottom cell are both 
optically and electrically connected. The configuration requires current matching of the two sub-
cells at the maximum power point to avoid any power loss. Consequently, this configuration 
requires precise control of the active perovskite layer in the top cell with regard to the bandgap 
and thickness, as well as reduction of front surface reflection and parasitic absorption of the top 
cell. It also places several constrains on the fabrication of the top cell due to process compatibility 
with the bottom cell. Moreover, it is challenging to find an efficient tunnelling junction between 
the two devices. On the other hand, the two sub-cells are only optically connected in the four-
terminal mechanically stacked tandem. The configuration avoids the need for current-matching 
and offers great flexibility for the fabrication of each sub-cell. However, this configuration may 
encounter high optical losses due to the parasitic absorption in the top cell with additional layers 
(glass and transparent conducting oxides). 
 
Figure 1.14: (a) Schematics of two-terminal monolithic tandem. (b) Schematic of four-terminal 
mechanically stacked perovskite-silicon tandem. (Adapted from [75] ) 
Several variants of the two-terminal configuration at module level can be built to achieve 
voltage-match (Figure 1.15a) or current-match (Figure 1.15b) by mechanically stacking number 
of sub-cells with optimized geometry. For four-terminal tandem, a different method is to use a 
spectrum splitting configuration to target the blue region of the spectrum to the perovskite cell 
and the infrared region to silicon cell (Figure 1.15c). So far, this method has resulted in the highest 
reported efficiency for a perovskite-silicon tandem, which is ~ 28% [76]. The main obstacle for 
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the commercialization of this method is the need of an efficient spectrum splitter, which 
significantly adds to the cost of the system. A novel method to avoid this obstacle is to use the 
perovskite cell as a reflective filter to absorb short wavelength light and reflect long wavelength 
light to the silicon cell (Figure 1.15d) as described in Chapter 3 of this thesis [77]. Recent study 
has shown that the four-terminal mechanically stacked tandem might potentially offer the highest 
energy output because it is more robust under the effect of spectral variation compared to the 
other tandem configurations [78]. 
 
Figure 1.15: (a) Two-terminal tandem at module level to achieve voltage-match. (Adapted from 
[78]). (b) Two-terminal tandem at module level to achieve current-match. (Adapted from [79]) 
(c) Four-terminal tandem in spectrum splitting configuration with the use of an optical splitter. 
(d)  Four-terminal tandem in spectrum splitting configuration without the use of an optical 
splitter. 
For both the two-terminal monolithic and the four-terminal mechanically stacked 
configurations, the most obvious challenge is the fabrication of a transparent rear contact for the 
perovskite top cell to replace the commonly used opaque metal contact. So far, different 
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transparent conducting oxides (TCOs) such as ITO or indium doped zinc oxide (IZO) have been 
utilized with great success. Those TCOs are normally deposited by sputtering method, hence an 
interlayer such as MoOx is required to protect the organic layers in the perovskite cell from being 
damaged by the ion bombardment. As a result, multiple layers in the semi-transparent perovskite 
cell introduce significant parasitic absorption and reduce the photo-current achieved by the 
system. 
The optimal bandgap for the perovskite top cell has been shown to be between 1.7 eV to 1.8 
eV, although this value is more sensitive in the two-terminal monolithic tandem due to the current 
matching requirement [80]. This optimal bandgap can be achieved by using the mixed-halides 
I/Br (2:1 molar ration) [63]. Another option is to use a purely inorganic perovskite CsPbI3 with a 
bandgap of 1.73 eV, however this material is structurally unstable at room temperature and so far 
the efficiency has been limited to less than 11% [81, 82]. As shown in the previous section, the 
light induced phase segregation issue in the mixed-halide perovskites needs to be resolved for 
stable performance of the tandem system. 
Table 1.2 shows the state-of-the-art efficiencies reported for perovskite-silicon tandems with 
different perovskite material bandgaps in various tandem configurations. An efficiency of 26.4% 
has been achieved in the four-terminal mechanically stacked tandem using 1.73 eV bandgap 
perovskite, which is very close to the recorded single junction silicon cell of 26.6% (see Chapter 
5 in this thesis). Moreover, an efficiency of 28% has been reported for perovskite-silicon tandem 
in the spectrum splitting configuration using MAPbI3 perovskite, which approaches the highest 
silicon-based tandem efficiency of 29.8% using GaInP top cells. In this spectrum splitting 
configuration, an efficiency of 23.4% has been achieved by using high bandgap perovskite 
MAPbBr3. However, both the two spectrum splitting tandems require an efficient spectrum 
splitter, which might reduce the practicality of the design. For two-terminal monolithic tandems, 
a certified efficiency of 23.6% has been reported, which marks a significant progress in the 
development of tandem cell in this configuration.  
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Active material Bandgap Efficiency Tandem configuration References 
GaInP 1.8 eV 29.8% Four-terminal 
mechanically stacked 
[83] – for 
comparison 
MAPbI3 1.6 eV 28% Four-terminal spectrum 
splitting 
[76] 
MAPbBr3 2.3 eV 23.4% Four-terminal spectrum 
splitting 
[84] 
Rb0.05(FA0.75MA0.15Cs0.1)
0.95PbI2Br 
1.73 eV 26.4% Four-terminal 
mechanically stacked 
[85] 
FA0.83Cs0.17PbI0.83Br0.17 1.6 eV 23.6% Two-terminal monolithic [86] 
 
Table 1.2: State-of-the-art perovskite-silicon tandem efficiencies reported in the literature with 
different perovskite active materials and bandgaps for the top cell and in different tandem 
configurations. 
Despite great progress in the efficiency development, perovskite solar cells need to be scaled 
up to match the size of silicon cells. There are two main technical difficulties that need to be 
solved in this scale-up process. The first one is the reduced charge collection efficiency due to 
limited conductivity of the TCOs at both the front and rear sides of the semi-transparent perovskite 
cells. The second one is the fabrication of uniform large area perovskite films. So far, the highest 
tandem efficiency for a perovskite-silicon tandem mini-module is 20.2% with active area of 4 cm2 
[87]. This moderate efficiency indicates that more work needs to be done in this area. Last but not 
least, perovskite solar cells have been well-known for their instability under many conditions 
including heat, moisture, environment, light and electrical bias [88]. This fact has caused great 
concern for the community since it will translate directly to the stability of the whole tandem 
module. Most recently, single junction semi-transparent perovskite cells, which can withstand 
1000 hours of damp heat test at 85 οC and 85% relative humidity, have been demonstrated [86]. 
This marks a significant step in improving the thermal and environmental stability of perovskite 
solar cells, however making a perovskite-silicon tandem module with a lifetime of 25 years is still 
considered to be the most challenging task for the photovoltaic community. 
 
In this chapter, the fundamentals of perovskite material including its constituents, crystal 
structure and formation have been reviewed. Its excellent photovoltaic properties, versatile 
deposition processes and exceptionally high efficiency with various cell structures will retain the 
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Active material Bandgap Effici ncy Tandem configuration References 
GaInP 1.8 eV 29.8% Four-terminal 
mechanically stacked 
[83] – for 
comparison 
MAPbI3 1.6 eV 28% Four-terminal spectrum 
splitting 
[76] 
MAPbBr3 2.3 eV 23.4% Four-terminal spectrum 
splitting 
[84] 
Rb0.05(FA0.75MA0.15Cs0.1)
0.95PbI2Br 
1.73 eV 26.4% Four-terminal 
mechanically stacked 
[85] 
FA0.83Cs0.17PbI0.83Br0.17 1.6 eV 23.6% Two-terminal monolithic [86] 
 
Table 1.2: State-of-the-art perovskite-silicon tandem efficiencies reported in the literature with 
different perovskite active materials and bandgaps for the top cell and in different tandem 
configurations. 
Despite great progress in the efficiency development, perovskite solar cells need to be scaled 
up to match the size of silicon cells. There are two main technical difficulties that need to be 
solved in this scale-up process. The first one is the reduced charge collection efficiency due to 
limited conductivity of the TCOs at both the front and rear sides of the semi-transparent perovskite 
cells. The second one is the fabrication of uniform large area perovskite films. So far, the highest 
tandem efficiency for a perovskite-silicon tandem mini-module is 20.2% with active area of 4 cm2 
[87]. This moderate efficiency indicates that more work needs to be done in this area. Last but not 
least, perovskite solar cells have been well-known for their instability under many conditions 
including heat, moisture, environment, light and electrical bias [88]. This fact has caused great 
concern for the community since it will translate directly to the stability of the whole tandem 
module. Most recently, single junction semi-transparent perovskite cells, which can withstand 
1000 hours of damp heat test at 85 οC and 85% relative humidity, have been demonstrated [86]. 
This marks a significant step in improving the thermal and environmental stability of perovskite 
solar cells, however making a perovskite-silicon tandem module with a lifetime of 25 years is still 
considered to be the most challenging task for the photovoltaic community. 
 
In this chapter, the fundamentals of perovskite material including its constituents, crystal 
structure and formation have been reviewed. Its excellent photovoltaic properties, versatile 
deposition processes and exceptionally high efficiency with various cell structures will retain the 
interest in the photovoltaic community for years to come. A near-term target would be set to 
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increase the efficiency of single junction perovskite solar cells beyond 25% within 10 years of 
development, a milestone that took silicon solar cell more than 70 years to achieve [89]. 
Nevertheless, the main challenges for commercializing this technology are scaling up the devices 
to module size and improving the lifetime to 25 years. This would guarantee the competitiveness 
of this technology with other technologies. 
The suitable and tuneable bandgap property of the perovskite material adds to its great 
advantages, making it very promising for combining with silicon solar cells in tandem 
applications. Compared to the single junction perovskite technology, this technology promises a 
significantly higher efficiency with little disruption to the current silicon cell manufacturing 
processes. In addition to the abovementioned challenges in the single junction perovskite 
technology, developments of transparent contacts and interlayers for efficient charge transport 
and low parasitic absorption in the perovskite top cell will be critical to fabricate efficient tandem 
systems. As several companies have already been working toward this path, it is likely that this 
technology will see it first commercial products in the near future [90]. 
In the next chapters, the development of efficient four-terminal perovskite-silicon tandem 
systems will be presented.  
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CHAPTER 2 
 
Semi-transparent Perovskite Solar Cell for Four-
Terminal Mechanically Stacked Perovskite-
Silicon Tandems 
 
n order to make a highly efficient four-terminal mechanically stacked perovskite-silicon 
tandem, there are several requirements for the perovskite top cell. Firstly, the top cell needs to 
be efficient. Secondly, it needs to be semi-transparent with a high transparency in the long 
wavelength region. As discussed in Chapter 1, the performance of perovskite solar cells has 
skyrocketed to 22.1% efficiency however the transparency of those champion cells is zero due to 
the use of a full metal contact at the rear side [1]. In the semi-transparent perovskite cell design, 
transparent conducting oxide layers (TCOs) at both the front and rear sides are required. This 
chapter investigates the trade-off in optimizing these two TCO layers to achieve both efficiency 
and high transparency for the perovskite top cell. 
Functioning as electrodes to conduct photo-generated charges to the external circuit, the 
sheet resistance of the TCO layers directly determines the electrical loss in those layers, and 
therefore it greatly affects the photovoltaic performance of the device. The sheet resistance of a 
TCO layer is dependent on its thickness and the sheet resistivity of the material. Thus, there are 
two methods to reduce the sheet resistance. In the first approach, the layer is simply made thicker 
by changing the deposition parameters. In the second approach, doping is introduced during or 
after the film deposition to increase the carrier density and hence reduce the sheet resistivity. On 
the other hand, the absorption of these TCO layers contributes significantly to the total parasitic 
absorption of the semi-transparent cell and hence it is a major factor in the transparency of the 
device and the overall optical loss in the tandem system. The abovementioned methods of 
reducing the sheet resistance normally result in higher parasitic absorption in the TCOs [2]. 
Herein, ITO deposited by sputtering is utilized for both front and rear transparent contacts in a 
semi-transparent perovskite top cell. The sputtering parameters and post deposition treatment are 
finely tuned to achieve the optimal sheet resistance and transparency to balance between the 
electrical loss and optical loss in the tandem system. Moreover, the chapter highlights the benefit 
I 
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of having metal grids in combination with a thin TCO for the rear transparent contact to relax the 
stringent requirement of the TCO’s sheet resistance while keeping the high transparency. 
Although not being implemented in this work, metal grids can also be applied at the front contact 
to further improve the performance of the tandem system [3]. 
Most of perovskite solar cells in the literature have been fabricated from commercial fluorine 
doped tin oxide (FTO) or ITO substrates. The sheet resistance of those substrates and their 
transparency are not optimal in achieving the highest tandem efficiency. Especially in the case of 
the FTO substrate, its sheet resistance is usually very low at ~ 7 Ω/□ and its transparency is only 
around 80%, which makes it unsuitable for fabricating of semi-transparent perovskite cells. 
Therefore, the method of fabricating perovskite cells starting from quartz glass substrates with 
sputtered transparent contacts is developed here to allow full optimization of the sheet resistance 
and transparency of the transparent contacts. 
In the detailed power loss calculation, the size of the cell is fixed to 1 cm2. Therefore, the 
presented values for the optimal sheet resistance and transparency are only applied for this 
particular size. Nevertheless, the model can be easily tailored to perform the optimization for 
other cell sizes. It is expected that a series-interconnection strategy needs to be employed to 
fabricate efficient semi-transparent perovskite modules [4]. Alternatively, a structure with metal 
grids at both front and rear sides can be used to reduce the complexity of the design. In this case, 
the position of the front and rear metal grids can be aligned to reduce the shading losses. 
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Semitransparent Perovskite Solar Cell With
Sputtered Front and Rear Electrodes
for a Four-Terminal Tandem
The Duong, Niraj Lal, Dale Grant, Daniel Jacobs, Peiting Zheng, Shakir Rahman, Heping Shen, Matthew Stocks,
Andrew Blakers, Klaus Weber, Thomas P. White, and Kylie R. Catchpole
Abstract—A tandem configuration of perovskite and silicon so-
lar cells is a promising way to achieve high-efficiency solar energy
conversion at low cost. Four-terminal tandems, in which each cell
is connected independently, avoid the need for current matching
between the top and bottom cells, giving greater design flexibil-
ity. In a four-terminal tandem, the perovskite top cell requires
two transparent contacts. Through detailed analysis of electrical
and optical power losses, we identify optimum contact parameters
and outline directions for the development of future transparent
contacts for tandem cells. A semitransparent perovskite cell is fab-
ricated with steady-state efficiency exceeding 12% and broadband
near infrared transmittance of >80% using optimized sputtered
indium tin oxide front and rear contacts. Our semitransparent cell
exhibits much less hysteresis than opaque reference cells. A four-
terminal perovskite on silicon tandem efficiency of more than 20%
is achieved, and we identify clear pathways to exceed the current
single silicon cell record of 25.6%.
Index Terms—Perovskite, silicon, solar energy, tandem.
I. INTRODUCTION
P EROVSKITE solar cells have emerged as the new keymaterial for the photovoltaic community with certified ef-
ficiency reaching 20.1% after six years of development [1]. With
a tunable high band gap for the active material (1.55–2.3 eV),
perovskite cells are an ideal candidate for the top cell in a tan-
dem configuration with a silicon bottom cell [2]. Several recent
studies have shown the potential for such tandem cells to exceed
efficiencies of 30%, but this requires careful light management
and minimization of optical losses [3]–[5].
There are two possible tandem configurations: two-terminal
and four-terminal. While offering potentially lower costs and a
requirement of only one transparent contact, the two-terminal
tandem requires current matching between top and bottom cells
and an efficient tunneling junction between the two subcells.
Manuscript received December 14, 2015; revised January 8, 2016; accepted
January 17, 2016. Date of publication February 8, 2016; date of current version
April 19, 2016. This work was supported by the Australian Government through
the Australian Renewable Energy Agency (ARENA). Responsibility for the
views, information, or advice expressed herein is not accepted by the Australian
Government.
The authors are with the Centre for Sustainable Energy Systems, Research
School of Engineering, Australian National University, Canberra, A.C.T. 0200,
Australia (e-mail: the.duong@anu.edu.au; niraj.lal@anu.edu.au; u5750637@
anu.edu.au; danielj@iinet.net.au; peiting.zheng@anu.edu.au; shakir.rahman@
anu.edu.au; heping.shen@anu.edu.au; matthew.stocks@anu.edu.au; andrew.
blakers@anu.edu.au; klaus.weber@anu.edu.au; thomas.white@anu.edu.au;
kylie.catchpole@anu.edu.au).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JPHOTOV.2016.2521479
This has limited the efficiency of the two-terminal tandem to
18% to date [6], [7]. The four-terminal tandem does not re-
quire current matching, instead only requiring an optical cou-
pling layer between the two subcells. Although introducing
additional complexity, the four-terminal tandem allows indi-
vidual cells to be optimized separately yielding greater flexi-
bility in the cell design. The four-terminal tandem, however,
requires transparent contacts at both front and rear, which are
the biggest challenge to reaching high efficiency. Optical ab-
sorption in these contacts is a main source of photocurrent loss
in both top and bottom cells. While it is possible to reduce these
losses by making the contacts thinner, or reducing the level
of doping, this reduces their conductivity and can thus lead to
voltage loss in the perovskite top cell. Therefore, optimizing
transparent contacts to balance optical and electrical losses is
crucial.
A further challenge is the process incompatibility and low
thermal budget of organic layers in current perovskite cells,
which limits the material and deposition techniques for the
rear transparent contact. As the first experimental demonstration
of the perovskite-on-silicon tandem cell, Lo¨per et al. reported
a tandem efficiency of 13.4% with semitransparent perovskite
cell using FTO as the front contact and sputtered ITO as the rear
contact [8]. The semitransparent perovskite cell efficiency was
6.2% and the long-wavelength transparency was limited to 60%.
The development of Ag nanowires as the rear transparent con-
tact using a mechanical transfer process enabled an efficiency
of 18.6% for perovskite on copper indium gallium selenide and
17.0% for perovskite on silicon cells [9]. The transmittance of
the semitransparent perovskite in this case was improved sig-
nificantly to as high as 77% peak at a wavelength of around
800 nm. However, the use of silver electrodes affects the stabil-
ity of the device through the formation of silver iodide, which
quickly degrades the cell performance [10]. The best tandem ef-
ficiency reported to date is 19.5%, using a semitransparent per-
ovskite cell fabricated with aluminum doped zinc oxide (AZO)
as the rear transparent contact [11]. The performance of the
perovskite top cell was much improved by optimizing the sput-
tering condition for the rear transparent contact; however, the
average transmittance of the device in the wavelength region
800–1000 nm was limited to 71%, mainly caused by absorption
in the FTO front contact and the 400-nm-thick AZO rear con-
tact. Other materials such as dielectric–metal–dielectric stacks,
adhesive laminate material, and graphene have been applied as
rear transparent contacts for semitransparent perovskite cells;
2156-3381 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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however, the performance of these cells is less than 12%, with
subbandgap transparency ∼60% [12]–[16].
In this work, we perform a detailed power loss analysis of
the tandem efficiency resulting from the nonideal properties
of the transparent contacts at the front and rear sides of
perovskite cells. By optimizing sputtered ITO for both front
and rear contacts, we demonstrate semitransparent mesoporous
CH3NH3PbI3 perovskite cell exceeding 12% efficiency and
surpassing 80% transmittance in the 800–1000 nm wavelength
range. Optical modeling of the complete cell structure shows
good agreement with experimental data, allowing quantification
of the major sources of current loss, and a clear design strategy
to further improve tandem efficiency.
II. RESULT AND DISCUSSION
A. Detailed Calculation of the Power Losses of a Tandem Cell
With Transparent Contacts
In this section, we perform a detailed analysis of optical
(transmission) and electrical (resistive) losses introduced by
semitransparent top cell contacts in a four-terminal perovskite-
on-silicon tandem. This analysis helps to identify the target
range of interest for sheet resistance and transmittance of con-
tact layers to achieve optimal tandem efficiency.
For the power loss analysis, we take as a reference a tandem
consisting of a state-of-the-art 17.7% efficient CH3NH3PbI3
perovskite cell and a 25.0% efficient silicon cell. These cells
were chosen to meet our ultimate aim of achieving effi-
ciencies above 25%; however, the conclusions drawn from the
analysis are equally valid for lower efficiency cell combinations.
The reference perovskite cell characteristics are set as Jsc,p =
22.1 mA/cm2 , Voc,p = 1.00 V, FFp = 0.8. For the Si cell, we
assume that the perovskite top cell acts as a long-pass filter,
only transmitting subbandgap light with λ > 800 nm (Eg =
1.55 eV). Under this reduced spectrum, the reference Si cell
characteristics are Jsc,Si = 16 mA/cm2 , Voc,Si = 0.68 V, and
FFSi = 0.828 [3], [17], [18]. The reference power (P0) for the
four-terminal tandem with no additional optical or electrical
losses is the sum of the two individual cell outputs
P0 = Jsc,Si × Voc,Si × FFSi + Jsc,p × Voc,p × FFp
which gives a power of 26.7 mW/cm2 or a tandem efficiency of
26.7%.
We next consider the impact of nonunity transmittance and
nonzero sheet resistance in the front and rear contacts of the top
cell. For each contact, we calculate a total tandem power loss
ΔP that is the sum of electrical and optical losses, noting that
to first order, electrical losses impact only on the cell voltage
while optical losses impact on the cell current. From this, we
define the power fraction relative to the reference power:
P
P0
= 1− ΔP
P0
.
The power fraction is a function of the contact transmittance
(T), which we approximate as a constant value for all wave-
lengths, and an effective contact sheet resistance R�sh accounts
for the sheet resistance Rsh of the conducting semitransparent
film (ITO or FTO), plus any additional metal gird lines used to
improve the conductivity. A detailed definition of R�sh is given
in the supplementary material section.
The tandem cell power loss due to the front contact can be
divided into three contributions:
ΔPfront = PR,p + PT ,p + PT ,Si
where PR,p and PT ,p are the resistive and optical power losses
in the top (perovskite) cell, respectively, and PT ,Si is the optical
power loss in the silicon due to nonunity transmission of sub-
bandgap light through the top cell. Full expressions for each of
these terms are provided in the supplementary information.
The rear contact loss has only two contributions since
nonunity transmission through the rear contact does not impact
the top cell:
ΔPrear = PR,p + PT ,Si
where the expressions for PR,p and PT ,Si are identical to those
used for the front cell.
Fig. 1 shows contour plots of the power fraction as a function
of T and Rsh , calculated separately for the front (a) and rear (b)
contacts. Results were calculated for a tandem cell area of 1 cm2,
and we assume that current from the top cell is collected via par-
allel busbars separated by 1 cm. As can be seen from Fig. 1(a),
when Rsh < 10 Ω/, the power loss is dominated by transmis-
sion losses and the power fraction is almost independent of Rsh
(indicated by the near-horizontal contour lines). With higher
sheet resistance of 100 Ω/, the maximum power fraction that
can be achieved is about 80%, with perfect transmittance of the
layer. To achieve 90% power fraction, the layer sheet resistance
needs to be less than 70Ω/ in the case of perfect transmittance,
and the sheet resistance needs to be lower with reduced transmit-
tance. Thus, the range of interest for the front contact is less than
70 Ω/ for the sheet resistance and >90% for the transmittance
(or absorption less than 10% when reflectance is neglected). For
the rear contact as presented in Fig. 1(b), to achieve 95% power
fraction, the sheet resistance needs to be lower than 30 Ω/
and the transmittance needs to be higher than 85%. The white
spots in both figures indicate experimentally measured sheet
resistance and transparency for thin sputtered ITO layers using
different deposition conditions, as discussed in the following
sections. The arrows and black spots in Fig. 1(b) indicate the
increase in power fraction that can be achieved by depositing
a grid of 35-μm-wide, 100-nm-thick gold fingers with a 1-mm
pitch onto the rear ITO film to transport current to the busbars.
These grid lines introduce a small additional optical loss, but
significantly reduce the electrical losses, resulting in a net power
gain from the tandem cell. The parameters of the grid correspond
to those used in our fabricated semitransparent cells described
below, although there is a great deal of freedom to vary these
depending on fabrication constraints. The method of calculating
the effective sheet resistance and effective transparency of the
transparent contacts with metal grids is described in the sup-
porting material. Although we have not considered it here due
to fabrication challenges, the addition of gridlines in the front
contact could further improve the cell performance.
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Fig. 1. Power loss analysis of tandem efficiency coming from the nonideal electrical and optical properties of the front transparent contact (a) and rear transparent
contact (b). The points correspond to experimental data of commercial FTO (FTOC ), commercial ITO (ITOC ), and sputtered ITO substrates developed in this
work. No metal grid was applied for the front contact; hence, the white points in (a) indicate the sheet resistance and transparency of bare TCO films. The white
points of origin of the arrows in (b) indicate the sheet resistance and transparency of the bare TCO film, while the black points indicate the effective sheet resistance
and transparency after the implementation of metal grids with parameters given in the main text.
In the following sections, we describe the experimental opti-
mization of front and rear ITO electrodes in a semitransparent
perovskite cell with reference to the above power loss analysis,
as well as other process-related constraints.
B. Front Contact Optimization
In this section, we describe the development of a front trans-
parent contact for the perovskite top cell using sputtered ITO on
glass substrate. A metal grid was not applied for the front trans-
parent contact due to the incompatibility with the perovskite
cell fabrication process. The sheet resistance, absorption, and
power fraction of the substrate when used as the front contact
on perovskite cell was then compared with the widely used com-
mercial FTO and commercial ITO substrates. While commercial
FTO substrates normally have low sheet resistance (7 Ω/ for
TEC 7) and can withstand high-temperature processes, the ex-
cessive absorption of up to 30% in the long-wavelength region
makes them unsuitable for the superstrate contact in perovskite
cells, especially in a tandem structure. Commercial ITO with
low sheet resistance of 8–12 Ω/ also has absorption of up to
15% in the long-wavelength part of the spectrum [see Fig. 2(a)].
We have found that with a high-temperature annealing step of
up to 500 °C in air required for the fabrication of mesoporous
perovskite cells, the sheet resistance of the commercial ITO
substrate increases to 25–30Ω/, and the absorption is reduced
but is still more than 7%, as in Fig. 2(a).
In this work, we have optimized an RF sputtering process to
deposit ITO films with absorption below 4% and sheet resistance
comparable to commercial ITO (26.7Ω/ after annealing). The
absorption and sheet resistance of the films are further reduced
after high-temperature annealing at 500 °C in air. The RF
power and deposition duration is varied while keeping chamber
pressure fixed to achieve different film transmittance and sheet
resistances. Fig. 2(a) shows the measured absorption of various
TCO films on glass substrates and their sheet resistance values
before and after high-temperature annealing in air. The lower
absorption and higher transmittance of the sputtered ITO after
annealing are explained by the improvement in the crystal
structure and the oxidation of compounds with lower valence
states which appear brownish or black [19]. Fig. S3, in the
supplementary material, shows XRD results of the ITO film
before and after annealing in air. The film is amorphous after
deposition and becomes crystalline after annealing. The reason
for the reduction of sheet resistance is still unknown and is con-
tradictory to other reports [20], [21]. Nonetheless, the impact of
annealing conditions on the electrical and optical properties of
ITO film is known to be very sensitive to deposition conditions
and technique [20]–[24]. The roughness of the sputtered ITO
as measured by atomic-force microscopy (AFM) is comparable
with the commercial ITO and is much smaller than the
roughness of FTO substrate. The roughness average decreases
from the root-mean-squared value Rq of 5.4–1.6 nm after high-
temperature annealing. The AFM images of all the substrates are
presented in Fig. S3, available in the supplementary material.
The optical properties of the glass substrate are also important
since the absorption of glass in the near infrared varies from less
than 1% for quartz to 3–4% in normal microscope slide glass.
Fig. S4, in the supplementary material, shows the comparison
of transmittance between sputtered ITO on different glass types.
The projected power losses in a perovskite-on-silicon tandem
cell using the commercial FTO, commercial ITO and various
sputtered ITO substrates as the front transparent contact are
indicated by the white points in Fig. 1(a). To account for the non-
flat transmittance spectrum of the layer, solar weighted trans-
mittance is calculated with the assumption of no reflectance.
From the analysis, FTO substrates offer a tandem efficiency
power fraction of less than 85% compared with the ideal case,
mainly due to the high absorption of the FTO layer. Sputtered
ITO at 30 W offers less than 70% power fraction, mainly
due to the resistive power loss from the high sheet resistance
of the layer. Transparent contacts with sputtered ITO at RF
power of 60 W, 90 W, and commercial ITO lie in the range
of interest. Sputtered ITO at RF power of 90 W gives the
best power fraction of 94% as the result of high transparency
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Fig. 2. (a) Measured absorption of different transparent contacts for the front and rear electrodes. The AM1.5G solar spectrum is shown for reference. Only
selected sputtered ITO substrates are presented for clarity. (b) Film thickness, sheet resistance, and solar weighted absorption of different transparent contacts
before and after annealing.
and reasonably low sheet resistance. In real cases, reflectance
(which has been neglected in this analysis since it will depend
greatly on the structure, layer thickness, and surface roughness
of the device) would need to be included.
C. Rear Contact Optimization
Various TCOs including ITO, AZO, and IZO (indium zinc
oxide) have been applied as the transparent rear contact on
perovskite solar cells using the sputtering method [4], [11],
[12]. To prevent sputtering damage to the organic hole transport
layer, a common method is to apply a thin layer of MoOx prior
to the TCO deposition. MoOx is chosen because of its favorable
band energy alignment for hole extraction. This method has
been widely used in organic solar cells and, recently, in silicon
solar cells [25]–[28].
The thickness of the MoOx interlayer needs to be optimized.
MoOx that is too thick cannot fully cover the surface of the
organic hole transport layer resulting in damage during MoOx ,
and the electrode will reduce the oxidation states of the layer
within the first few nanometers and make the film less conductive
[29]. MoOx that is too thick will increase the series resistance
and parasitic optical absorption and greatly influence the overall
tandem efficiency. The work function and conductivity MoOx
layer change under air exposure within an hour [30], [31]. In
this work, it is found that a long waiting time between MoOx
deposition and ITO deposition has a detrimental effect on the
semitransparent cell performance, which normally shows up as
the S-shape in the I–V characteristic of the device (see Fig.
S5 in the supplementary material). Sputtering of ITO within
an hour of MoOx deposition is required to achieve the good
semitransparent perovskite cell performance.
Sputtering conditions including RF power, chamber pressure,
and duration need to be carefully chosen to limit the damage
from the ion bombardment and UV exposure from the sputtering
process, while at the same time achieving the desired conduc-
tivity and transparency. Again, the chamber pressure is fixed
at 1.5 mtorr, while RF power and duration are varied. Due to
the limited thermal budget of the organic layers in a perovskite
cell, the rear TCO cannot be annealed at high temperature to
improve the optical and electrical property as was done for the
front TCO. Instead, we add a metal grid to compensate for the
high sheet resistance of the rear contact. The addition of the grid
increases the optical loss by a few percent due to shading. The
metal grid is deposited by electron-beam evaporation through a
shadow mask to avoid the use of photoresists or solvents that
could degrade the device layers.
The finest metal width we can achieve with this method is
30–35 μm, which lies within the range of interest. The pitch is
chosen as 1 mm, which is close to the optimal value to achieve
the balance between resistive loss from TCO, metal grid, and
the optical loss from shading (see Fig. S6 in the supplementary
material).
Sputtered ITO with varying sheet resistance and solar
weighted transmittance are plotted in Fig. 1(b) to evaluate the
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Fig. 3. (a) SEM surface image of perovskite film on ms-TiO2 layer. (b) SEM cross-sectional image of semitransparent cell with no MgF2 . Note that the Gold
and Pt layers at the top of the figure were deposited to protect the cell during FIB milling and are not present in the working cell.
potential tandem efficiency. The line connecting the dots rep-
resents the effect of adding a metal grid with ∼3% shading
loss onto the layer. From the power loss analysis, high sheet
resistance of the transparent contact up to 1000 Ω/ can be
compensated with the use of a metal grid to minimize the re-
sistive loss in the top cell. In that range of sheet resistance,
the transmittance of the layer needs to be prioritized to achieve
higher tandem efficiency. Transmittance can be increased by
lowering the RF power and/or shortening the duration of the de-
position. However, the film will not be continuous with a very
short deposition time, as illustrated in the case with 30 W of RF
power and 900-s duration, where the high sheet resistance could
not be compensated with the use of a metal grid. As the result,
sputtered ITO at RF power of 30 W and 3600-s duration offer
the best power fraction of close to 97%.
The power loss calculation does not take into account the
damage to the perovskite cell due to sputtering under various
conditions. Obvious damage is observed in the cross-sectional
scanning electron microscopy (SEM) image of the perovskite
cell with 60-W RF power and 3600-s duration. As the result,
semitransparent perovskite cell with 60-W RF power has lower
FF compared with the cell with 30-W RF power (see Fig. S7 in
the supplementary material).
D. Semitransparent Perovskite Cell Performance
Fig. 3(a) shows a SEM image of the surface of the perovskite
film grown on top of the mesoporous TiO2 layer on the sputtered
ITO glass substrate. Fig. 3(b) shows a SEM cross-sectional im-
age of the semitransparent cell with all the layers as labeled. In
the complete device, MgF2 is deposited at both the front and
rear sides to reduce the reflection loss. The perovskite layer is
deposited using a solvent engineering method, which has been
demonstrated previously with high-efficiency perovskite cells,
producing uniform pinhole-free films [32], [33]. The continu-
ous perovskite capping layer on top of the mesoporous TiO2
enables the deposition of a uniform planar Spiro-MeOTAD hole
transport layer, which prevents possible shunting paths. With
the very thin protective MoOx layer, no obvious damage to the
Spiro-MeOTAD is observed.
In good agreement with the power loss analysis and
optimization process, the best results are obtained with RF
power 90 W/duration 3600 s for the front contact and RF
power 30 W/duration 3600 s for the rear contact with 10 nm
of MoOx interlayer. Fig. 4(a) presents the performance of
the semitransparent perovskite cell. The J–V measurement
using a reverse scan at 50 mV/s gives good agreement with
the steady-state measurement at the maximum power point.
The steady-state current and time-dependent power output
are presented in Fig. S8 in the supplementary material. The
semitransparent cell has lower Voc and Jsc compared with an
opaque cell of the same structure, but with the MoOx /ITO rear
contact replaced by a gold electrode, as shown in Fig. 4(b).
The reduction of Jsc is mainly due to the nonabsorbed light
in the first pass not being reflected back to the perovskite
active layer for photocurrent generation in the semitransparent
device. However, this is not a significant concern as this
light is instead transmitted to the bottom Si cell. The lower
VOC of the semitransparent cell might be attributed to the
change in the interface from HTL/Au to HTL/MoOx /ITO.
Although several groups have reported an improvement of
Voc in semitransparent devices, no explanation has been given
[9], [11]. The FF of the semitransparent cell is comparable with
the opaque cell, which indicates that the lateral conductivity of
the transparent contact and metal grid at the rear side does not
increase the series resistance too much and that the organic HTL
layer is not damaged by sputtering. In Fig. 4(b), the hysteresis
effect on semitransparent cell is observed to be much less severe
than the opaque cell. We believe this might come from the
difference of the HTL interfaces, although further investigation
needs to be undertaken. In the J–V scan of the opaque cell in the
reverse direction, a reduction of the current density when the
applied voltage changes from 0.2 to 0 V is observed. This might
be related to the anomalous hysteresis effect of perovskite solar
cells, but a detailed explanation does not exist at the moment.
Fig. 5(a) shows the optical characteristics of the complete
cell, which exhibits broadband transmittance exceeding 80% in
the 800–1000-nm wavelength range. Despite the use of MgF2
antireflection coatings on both sides, the reflectance is still
higher than 10% at some wavelengths due to the refractive index
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Fig. 4. (a) I–V characteristic of semitransparent perovskite cell obtained by reverse scan with the rate of 50 mV/s. The dot presents the steady-state measurement
at the maximum power point. (b) Comparison of hysteresis in the semitransparent cell and an opaque cell fabricated using the same process.
Fig. 5. (a) Transmittance/reflectance/absorption data of the semitransparent perovskite cell. (b) Absorption of the device increase significantly with the addition
of MoOx/ITO at the rear contact. The complete structure of the sample is Glass/ITO/cp-TiO2/ms-TiO2/Perovskite/Spiro/MoOx/ITO.
mismatch of multiple layers in the device. The complete semi-
transparent cell absorbs up to 12% of incident light between
800–1100 nm, which is much lower than the absorption of
30–40% reported in other works [8], [12]. The absorption mainly
comes from the MoOx /ITO layers at the rear side [see Fig. 5(b)].
This increases the absorption by 7–8%, which is much higher
than the absorption of the as-deposited ITO layer (<3%). With
the negligible absorption from the 10-nm MoOx , it implies
that the electric field distribution inside the device is modified
upon the adding of those layers, which increases the absorption
of the device substantially.
E. Tandem Cell Performance
The silicon cell used in this work has a passivated emitter rear
locally diffused (PERL) structure with an efficiency of 19.6%.
The active area of the semitransparent perovskite cell is 5 mm
× 5 mm, while the size of the PERL cell is 2 cm × 2 cm. Due
to the cell size mismatch, the J–V characteristics of perovskite
cell and silicon cell cannot be measured simultaneously. To
determine the value of JSC for the silicon cell, several groups
have proposed a two-step method, where the external quantum
efficiency (EQE) of the Si cell (with the light incident on the Si
cell filtered by the Perovskite cell) is measured first, followed by
the determination of Jsc on the basis of the EQE spectrum. The
J–V characteristic of silicon cell is then measured with an ad-
justed light intensity so that the measured JSC matches the value
determined from the EQE spectrum [8], [9]. This method will
result in some inaccuracy as it does not account for the change
in the solar spectrum when only infrared light can be transmitted
through the perovskite filter. In this study, a 2.5 cm× 2.5 cm per-
ovskite optical filter with the same layers and prepared under the
same processing conditions as the semitransparent perovskite
solar cell is used as the mask to directly measure the silicon cell
performance under 1-sun illumination. The results are presented
in Fig. 6. Under the perovskite cell filter, the current of the PERL
cell obtained from the J–V measurement is 16.9 mA/cm2, which
agrees well with the current value calculated from the EQE data
of 17.4 mA/cm2. It is noticeable that the EQE value of filtered
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Fig. 6. (a) EQE of PERL silicon cell with and without filter and transmittance of perovskite cell. (b) I–V curves of PERL silicon cell with and without filter and
semitransparent perovskite cell. (c) Summary of semitransparent perovskite cell, filtered, and nonfiltered PERL cell and tandem cell performance.
silicon is higher than the transmittance of the semitransparent
perovskite at some wavelength range. This can be explained as
the transmittance measurement of the perovskite cell takes into
account the shading effect of applied metal grids, which causes
around 3% reduction in the transmittance. The shading effect is
excluded during the EQE measurement as the small beam size
is aligned in between two metal fingers. The Voc of the PERL
cell is reduced by 20 mV as a result of the lower light intensity.
The reduction of the Si cell FF by 3% can be explained by the
greater impact of the cell shunt resistance at the lower current
density. Overall, the efficiency of the PERL cell under the per-
ovskite filter is 7.9%. The four-terminal tandem efficiency is
calculated as the sum of perovskite top cell and filtered PERL
silicon bottom cell with a value of 20.1%. The result is promis-
ing as the tandem gives a net improvement of 0.5% compared
with the stand-alone PERL cell. To date, this is one of the high-
est efficiencies reported for perovskite on silicon tandem to our
knowledge.
F. Challenges and Outlook
According to previous work, with a bandgap of 1.55 eV
for the active material, a perovskite top cell efficiency of
17% is required to achieve 25% perovskite-on-silicon tandem
efficiency. The silicon cell after being filtered by perovskite cell
needs to contribute the remaining 8%. By replacing the 19.6%
PERL cell with a more efficient interdigitated back contact cell
with initial efficiency of 23.3%, we can achieve an efficiency of
9.2% with a perovskite filter (see Fig. S9 in the supplementary
material). Thus, the main challenges are increasing the
efficiency and further increasing the transparency of the semi-
transparent perovskite cell. The reduction of VOC in our current
cells might be minimized by interface engineering the layers
at the rear contact, while the JSC might be improved with a
thicker perovskite layer. Optical modeling of the semitranspar-
ent perovskite cell was performed, which provides a good fit to
experimental data (see Fig. S10 in the supplementary material).
A schematic of the semitransparent perovskite cell is shown in
the inset of Fig. 7, where layer thicknesses shown were obtained
by fitting the model to the measured reflection/transmission of
the complete cell. The optical model was used to calculate the
optical absorption in each layer of the cell, shown in Fig. 7,
where the current loss was obtained by integrating the absorp-
tion, weighted by the AM1.5G photon flux. The three primary
current loss mechanisms are reflection from the perovskite
cell, absorption within the rear MoOx /ITO contact layers,
and absorption within the Spiro layer where each mechanism
reduces the potential current by 2.33, 1.39, and 0.85 mA/cm2,
respectively. The reflectance needs to be reduced by using better
antireflectance coating method and reducing the refractive index
mismatch inside the device, especially for longer wavelengths.
A method for optically coupling the perovskite and silicon cell
also needs to be implemented to avoid light escaping before
reaching the bottom cell. Optimization of MoOx thickness for
the rear contact is expected to further improve the transparency.
Reducing the hole-transport layer thickness as much as possible
without degrading the perovskite cell performance will help to
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Fig. 7. Fractional light loss breakdown of all the layers in the semitransparent perovskite cell together with reflectance and transmission (the y-axis is truncated
for clarity; refer to Fig. S11 in the supplementary material for the full picture). (Inset) Schematic of the device. All the layer thicknesses were estimated from the
optical model, and the calculated current loss from each layer is shown on each layer, together with the total incidence, reflected, and transmitted current as the
arrows.
reduce the current loss from this layer [34]. Another strategy
is to increase the bandgap of the perovskite active material, as
this will lessen the requirement for the top cell efficiency since
more light will be transmitted to the bottom cell.
Increasing the size of the perovskite cell to match the size of
silicon cell without affecting the cell performance is challenging
especially when spin-coating is used as the deposition method.
New perovskite deposition methods such as slot die coating or
antisolvent extraction are required to fabricate efficient large-
area perovskite cells [35]. One of the biggest challenges is to
improve the stability of perovskite cells to be comparable with
that of silicon.
III. CONCLUSION
In conclusion, a semitransparent perovskite cell with 12.2%
steady-state efficiency and broadband transmittance over 80%
has been demonstrated through the optimization of sputtered
ITO for front and rear transparent contacts. This enables
perovskite-on-silicon tandem efficiency of 20.1% using a
19.6% PERL silicon cell. This work provides clear guidelines
and practical methods to optimize transparent contact for
perovskite solar cells. Future work is expected to lead to
>25.6% tandem efficiency.
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s demonstrated in Chapter 2, an efficient semi-transparent perovskite cell with very high 
transparency in the long wavelength region (i.e. low parasitic absorption) have been 
developed, which enables a four-terminal mechanically stacked tandem with more than 20% 
efficiency. To further improve the performance, an alternative four-terminal tandem configuration 
using the concept of spectrum splitting is applied. Taking the advantage of the low parasitic 
absorption perovskite cells developed in the previous chapter, the filterless spectrum splitting 
perovskite-silicon tandem is employed which avoids the need of a spectrum splitter required in 
the conventional spectrum splitting system. Herein, the perovskite cell is fabricated using the 
same method described in Chapter 2, except that the rear transparent contact is replaced by a metal 
contact. In the new arrangement, the perovskite cell is oriented at 45Ο to the incident light and the 
silicon cell is oriented at 45Ο to the perovskite cell. The perovskite cell absorbs short wavelength 
light to generate photocurrent and selectively reflects long wavelength light so that it is normally 
incident on the silicon cell. 
In this arrangement, the light needs to travel through all the layers in the perovskite cell 
twice. Therefore, the parasitic absorption of each layer becomes of more concern, in order to 
reduce the optical losses in the tandem system. Previous work has shown that the majority of the 
parasitic absorption occurs in the front TCO (FTO) and the hole transport layer Spiro-MeOTAD 
[1]. While the absorption at the front TCO has been minimized by using the sputtered ITO on 
quartz substrate, attempts to decrease the absorption in the hole transport layer by reducing its 
thickness have not been very successful. A sufficiently thick Spiro-MeOTAD layer (~ 200 nm) is 
required to fully cover the rough perovskite layer and prevent the recombination between the 
active layer and the exposed metal contact [2]. Moreover, as the Spiro-MeOTAD layer is thinned 
down, the rear metal contact becomes rougher which dramatically increases the diffused 
reflectance, reduces the specular reflectance and finally deteriorates the photocurrent of the silicon 
cell. Nevertheless, just the improvement at the front side of the perovskite cell has enabled an 
A 
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outstanding reflectance of more than 90% in the long wavelength region and an efficiency of 
23.1% for this filterless spectrum splitting tandem system. 
The study has also shown an excellent angular response of the perovskite cell even with no 
anti-reflection coating. The front surface reflectance spectrum of the perovskite cell is almost 
independent of the incident angle and the normalized short circuit current density follows closely 
the theoretical cosine reduction up to 70Ο, which is much better than the angular response of 
silicon cells [3]. This characteristic of the perovskite solar cell will be advantageous when it is 
used as the top cell in any tandem configuration as discussed in Chapter 1. 
It is important to note that, with further improvement in the perovskite fabrication including 
engineering the perovskite composition and doping the electron transport layer (TiO2) with 
indium element [4], an efficiency of 25.2% for this tandem configuration has been achieved. 
Those developments will be discussed in more detail in the following chapters (Chapter 4 and 
Chapter 5). 
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Filterless Spectral Splitting Perovskite–Silicon
Tandem System With >23% Calculated Efficiency
The Duong, Dale Grant, Shakir Rahman, Andrew Blakers, Klaus J. Weber, Kylie R. Catchpole, and Thomas P. White
Abstract—We demonstrate an efficient spectrum splitting
perovskite–silicon tandem in which the perovskite cell absorbs
short wavelength light to generate photocurrent and selectively
reflects long wavelength light to the silicon cell. The concept elim-
inates the need for the sophisticated optical splitter in other spec-
trum splitting approaches, which could reduce the cost of the
system. Using this approach, we demonstrate a calculated four-
terminal tandem efficiency of 23.1% measured under AM1.5G
simulated sunlight, using a silicon cell with a one Sun efficiency
of 22.4%. The result has been obtained through the optimization
of the perovskite cell to achieve an outstanding subbandgap wave-
length reflection of >90% and excellent angular response of the
perovskite cell, even with no AR coating.
Index Terms—Energy conversion, perovskite solar cell, silicon,
tandem.
I. INTRODUCTION
P EROVSKITE solar cells have emerged as promising can-didates for the high bandgap cell in a tandem configuration
with silicon. With the rapid increase in efficiency beyond 20%
and suitable bandgap (1.55 to 2.3 eV), perovskite-on-silicon
tandems can potentially reach 30% efficiency with careful light
management [1]–[5]. Tandems based on mechanical stacks
(four-terminal) and monolithic stacks (two-terminal) have been
the primary research focus to date. While the two-terminal
tandem only requires one transparent contact for the perovskite
top cell, the requirement for current matching and an efficient
tunneling junction between the top and bottom cells has limited
the efficiency achieved by this approach [6]–[8]. The four-
terminal tandem does not require current matching, however
the perovskite top cell requires transparent contacts at both
the front and rear, which increases optical losses and creates
additional processing challenges as well as potentially increas-
ing module fabrication costs [9]–[13]. Considered as one type
of four-terminal tandem, spectrum splitting systems have the
advantage of requiring no change to the design of the subcells
and potentially offer better optical performance. The concept
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was proposed more than 30 years ago for use in concentrating
systems [14]. Fig. 1(a) shows a spectrum splitting system, which
uses a long-pass filter to distribute short-wavelength light to a
high bandgap cell and long-wavelength light to a low bandgap
cell. A spectrum splitting system with active-area conversion
efficiency up to 28% has been achieved using a perovskite cell
and silicon heterojunction solar cell; however, the requirement
for a sophisticated optical filter reduces the practicality of the
design [15], [16]. As an alternative approach to the conventional
spectrum splitting method, a reflective tandem utilizes the
wavelength-dependent reflectance of the high bandgap cell to
reflect long wavelength light to the low bandgap cell. This
eliminates the need for a separate optical filter and hence greatly
simplifies the design of the system. Another advantage of the
reflective tandem system is that it allows collection of all the
light reflected from the front surface of the high bandgap cell,
which can be a significant source of loss in stacked tandems.
There are several possible filterless tandem designs. Fig. 1(b)
shows the tandem concept studied in this paper, in which the high
bandgap cell is oriented at 45° to the incident sunlight, and the
low bandgap cell is oriented at 45° to the first cell so that reflected
long wavelength light is normally incident on the low bandgap
cell. The concept was introduced in previous reports to avoid
the need for a spectral splitter, however the parasitic absorption
in the rear reflector and the free-carrier absorption in the high
bandgap cell need to be minimized [17], [18]. Fig. 1(c) shows
another reflective tandem approach that combines two cells in a
folded V-shape geometry to increase the absorption by reflecting
light back and forth between the two cells. This concept has been
implemented with organic solar cells, resulting in a doubling of
the efficiency [19]. Fig. 1(d) shows a PVMIRROR concept, in
which high bandgap cells are arranged to form a wavelength-
selective concentrating trough mirror. The high bandgap cells
absorb the short wavelength light and reflect the long wavelength
light to the low bandgap cell located at the line focus of the
mirror. Such a design has some attractive features, but it relies
on highly specular reflectance from the high bandgap cells,
which can be challenging to achieve in practice [20]. In fact, the
design in Fig. 1(b) can be considered as a special case for the
design in Fig. 1(d) with a concentration of one. In both cases,
the high bandgap cells need to have a high long wavelength
reflectance and a good angular response. We choose an angle of
45° because this angle results in equal height of both cells in the
tandem and is likely to be near optimal in terms of minimizing
the total solar cell area required.
Each of the spectrum splitting concepts shown in Fig. 1 re-
quires some level of single-axis tracking to avoid shading and to
ensure that the reflected light reaches the second cell. Even with
tracking, some of the indirect sunlight will be lost or absorbed
2156-3381 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. (a) Spectrum splitting tandem using an optical splitter. (b) Reflective tandem at 45°. (c) Folded reflective tandem. (d) PVMirror concept.
Fig. 2. Possible module geometry for the reflective tandem configuration in
this paper.
by the low bandgap cell rather than the high bandgap cell. The
impact of these effects will depend on the detailed geometry of
each spectral spitting system, and therefore, we do not attempt
to quantify them here. We note, however, that single-axis roll
trackers are becoming economical for flat-plate, nonconcentra-
tor installations due to the increased annual yield. One-sun track-
ing systems are being installed on a gigawatt scale [21]. Thus,
the tracking requirement is unlikely to be a significant barrier to
high-efficiency reflective tandem concepts, provided they can be
implemented with a module form factor. As an example, Fig. 2
illustrates one possible module geometry for the tandem config-
uration shown in Fig. 1(b), utilizing bifacial low-bandgap cells.
In this paper, we demonstrate a perovskite cell with an out-
standing long wavelength reflectance (specular plus diffuse) as
high as 92% at wavelength of around 900 nm. By combining
the optimized perovskite cell with a 22.4% silicon cell in the
filterless reflective tandem configuration as shown in Fig. 1(b), a
calculated efficiency of 23.1% for the four-terminal tandem has
been achieved. This is one of the highest efficiencies reported
for a perovskite–silicon tandem without the use of a spectral
filter. The study also shows that the perovskite solar cell has
an excellent angular response, even with no AR coating, al-
lowing efficient operation over a range of incident angles, and
in various spectral splitting tandem configurations. The study
clearly demonstrates the potential of perovskite cells to be used
in tandems with silicon cells.
II. EXPERIMENT AND METHODS
Detailed information for the perovskite cell fabrication can
be found in a previous paper [22]. In short, the cell has the struc-
ture of quartz/sputtered ITO/compact TiO2 /mesoporous TiO2 /
Fig. 3. Measurement setup for perovskite-on-silicon in the reflective tandem
configuration.
Perovskite/Spiro-MeOTAD/gold. The perovskite composition
is CH3NH3PbI3 with a bandgap of 1.55 eV. The active area of
the perovskite cell defined by the gold contact is 6 mm× 6 mm.
The silicon cell used in this work was a 2 cm × 2 cm inter-
digitated back contact (IBC) cell with both n-type and p-type
contacts located at the rear. Detailed information for the fabri-
cation of the IBC cell can be found in [23].
The schematic in Fig. 3 shows the arrangement of the two
cells for the tandem efficiency measurements. The cells are
fully enclosed in a light-proof box, with the only light entering
via an aperture in the top surface as illustrated. This aperture
defines the area for the efficiency calculations.
The cells were measured in a Solar Simulator model #SS150
from Photo Emission Tech Inc. equipped with a Xenon lamp.
The light intensity was calibrated to the AM1.5G spectrum using
a certified silicon reference cell from Fraunhofer, the spectrum
mismatch correction factor is 99.01% for silicon cell. For per-
ovskite cell, due to the difficulty to obtain the EQE data in
dc mode the spectrum mismatch correction is not specified. We
note that the AM1.5D spectrum may be more appropriate for the
spectral-splitting concept shown in Fig. 1(b) since not all of the
diffuse light can be collected in such a system. However, there
is only a slight difference between the two spectra; therefore,
we expect the difference in overall efficiency to be small.
Due to the difference in the active areas of the two cells,
the perovskite cell shown in Fig. 3 is replaced by an inactive 3
cm × 3 cm perovskite sample when measuring the silicon cell
performance. This larger perovskite filter consists of the same
layers, was prepared under the same conditions as the working
cell, and is thus optically identical to the smaller perovskite cell.
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Fig. 4. (a) Cross-sectional SEM image of the perovskite solar cell with all the layer thicknesses. (b) J–V measurement of perovskite solar cell at normal incidence
with the scan rate of 50 mV/s from open circuit to short circuit together with the steady-state current monitored at the maximum power points.
The aperture size during the J–V measurement for the silicon
cell is 2 cm × 2 cm, while the aperture size during the J–V
measurement for the perovskite cell is 3 mm × 3 mm.
The total reflection of the perovskite cell is measured with a
spectrophotometer with an integrating sphere, where the sam-
ple is placed at the center of the sphere and the incident an-
gle is adjusted using a variable angle reflectance accessory
from Perkin Elmer. The specular reflectance is measured us-
ing an angle-resolved reflection and transmission accessory on
the same spectrophotometer system. In this measurement, the
detector opening width is ωd = 0.25◦, meaning that the result of
the specular reflectance represents the integrated reflectance in a
0.5°wide slice of the reflection distribution function. The diffuse
reflectance is calculated by subtracting the specular reflectance
from the total reflectance. Optical modeling of the perovskite
cell is performed using EMUstack [24] with the refractive in-
dex data from both in-house measurement (ITO and TiO2) and
literature data (perovskite [25] and Spiro-MeOTAD [2]). More
detailed information about the angular response measurement
and optical modeling can be found in the supporting document.
III. RESULTS AND DISCUSSION
A. Efficient Perovskite–Silicon Reflective Tandem
The perovskite cell structure is shown with the SEM
cross-sectional image in Fig. 4(a). The performance of the
standalone perovskite cell is shown in Fig. 4(b). The cell shows
little hysteresis and the steady-state efficiency agrees well with
the J–V measurement, giving an efficiency of 15.2% at normal
incidence.
To maximize the performance of a reflective tandem, the
high-bandgap cell must exhibit very high reflectance of long-
wavelength light, and the reflected light should be highly spec-
ular. The high long wavelength reflectance is achieved through
the optimization of layer thicknesses within the perovskite cell
to minimize their total parasitic absorption to less than 5% in the
wavelength range 800–1100 nm, while still maintaining good
cell performance. Particularly important in the optimization is
Fig. 5. Total reflection of complete perovskite cell and absorption of per-
ovskite cell without a gold back contact measured using an integrating sphere
at the sample angle of 8°. The dashed lines are obtained from the optical model
constructed in this paper.
the use of ITO instead of FTO as the front transparent contact,
as well as the minimization of its thickness [22]. The experi-
mental optimization is supported by detailed optical modeling
which provides good agreement to the experimental data [26].
Fig. 5 shows measured and simulated reflectance spectra for a
complete perovskite cell, as well as the total optical absorption
(1-reflectance-transmittance) for a cell prior to deposition of the
rear gold contact. Both cases show excellent agreement between
the experimental and simulated results. The reason for doing the
latter measurement is to separate out the parasitic absorption of
the gold contact from the absorption of other layers.
A further requirement for efficient tandem operation is that
the high-bandgap cell retains low reflection of short wavelength
light at the incident angle of the light in the tandem configuration
(45° in this case). Hence, the perovskite cell performance is
evaluated under these conditions. The results are presented in
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Fig. 6. J–V measurement of perovskite solar cell under different conditions
with the scan rate of 50 mV/s from open circuit to short circuit together with
the steady-state current monitored at the maximum power points.
TABLE I
PEROVSKITE SOLAR CELL PERFORMANCE
Remark Aperture VOC (V) JSC(mA/cm2) FF Efficiency (%)
Area (cm2)
Normal incidence 0.16 0.985 22.7 0.679 15.2
At 45° incidence 0.16 0.963 16.1 0.693 10.7
At 45° —reflective
tandem configuration
0.09 0.968 22.1 0.654 14.0
Fig. 6 and summarized in Table I. When the incident angle
is changed to 45°, the short circuit current density is reduced
from 22.7 to 16.1 mA/cm2, as expected from the cosine area
reduction (due to the reduction in area of light intercepted by
the cell). The fact that the current density is only reduced by the
area demonstrates the good angular response of the perovskite
solar cell at 45°, which will be investigated further in the second
part of the paper. The VOC is slightly reduced as a result of the
lower light intensity. In the reflective tandem configuration, the
aperture area of the mask is used to determine the incident power
and calculate the efficiency of perovskite solar cell, removing the
cosine dependence. In this case, the short circuit current density
is slightly reduced from 22.7 to 22.1 mA/cm2 as compared
to the current at normal incidence, which is probably caused
by imperfect collimation of light from the solar simulator, and
slight misalignment of the perovskite cell with the aperture in
the mask. Nevertheless, the perovskite cell efficiency remains
at 14% in this configuration.
Since the silicon cell will receive the light reflected from
the perovskite cell placed at 45°, it is important to know the
total and diffuse reflectance of the perovskite cell at that angle.
The different reflection components are plotted in Fig. 7. The
specular reflectance of the device at 45° is lower than the total
reflectance due to the effect of diffuse scattering. As shown in the
cross-sectional SEM image in Fig. 4(a), the perovskite cell has
Fig. 7. Total reflectance, specular reflectance, and diffuse reflectance of the
perovskite cell at 45°.
a mesoporous TiO2 layer with some pores as large as 100 nm,
which might scatter some of the incident light. In addition,
the perovskite film surface deposited on the mesoporous TiO2
layer is quite rough. The thick Spiro-MeOTAD layer helps to
reduce these features; however, the roughness of the perovskite
surface is still partially transferred to the gold surface. An effort
has been made to thin down the Spiro-MeOTAD thickness to
reduce its absorption, but this creates a rougher gold surface
and dramatically increases the diffuse reflectance from the back
contact and also increases the absorption in the gold. As a result,
the specular reflectance becomes smaller and less photocurrent
is generated from the silicon cell (see Fig. S6). Thin Spiro layers
can also impact on the performance and reproducibility of the
perovskite solar cell as has been previously reported [27], [28].
Thus, while it would be desirable to reduce the thickness of
the Spiro layer for optical reasons, this is not practical with our
current cell structure.
The EQE of the silicon cell is first measured at normal in-
cidence without the perovskite filter. The measurement is then
repeated with the perovskite reflective filter in the reflective
tandem setup. The EQE data are plotted in Fig. 8(a). The JSC
is calculated by integrating the EQE with the AM1.5G photon
flux, giving 40.3 and 17.5 mA/cm2 for the original silicon cell
and silicon cell with perovskite filter, respectively. The dotted
and dashed red lines in Fig. 8(a) are calculated by multiplying
the original EQE value of the silicon cell by the total reflectance
and specular reflectance of the perovskite cell at 45° incident
angle, respectively. The calculated JSC is 18.5 mA/cm2 using
the total reflectance and 17.0 mA/cm2 using only the specular
reflectance. The directly measured EQE (solid red line) shows
better agreement with the predicted EQE using only the specular
reflectance (red dashed line) than that predicted using the total
reflectance (red dotted curves). This indicates that the majority
of the diffuse light reflected from the perovskite cell is lost, even
when the distance between the perovskite cell and the silicon
cell is minimized. To further evaluate this, the EQE measure-
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Fig. 8. (a) Measured unfiltered EQE of the silicon cell (solid black curve) and EQE of silicon cell with perovskite cell as the reflective filter (solid red curve). The
dashed and dotted lines present the multiplication of the unfiltered EQE value with the specular and total reflection, respectively. (b) Original J–V measurement of
the silicon cell and J–V of the silicon cell with perovskite as the reflective filter.
TABLE II
REFLECTIVE TANDEM PERFORMANCE
Remark VOC (V) JSC(mA/ cm2) FF Efficiency (%)
Silicon
cell—original
0.697 40.3 0.797 22.4
Silicon cell—with
perovskite as the
reflective filter
0.674 17.1 0.790 9.1
Perovskite cell 0.968 22.1 0.654 14.0
Reflective tandem 23.1
ments were repeated while increasing the distance between the
perovskite and the silicon cells. As expected, the EQE of the
silicon cell decreased with separation distance.
The J–V curve of the silicon cell is shown in Fig. 8(b). The
short circuit current density of the silicon cell with perovskite
as the reflective filter obtained from the J–V measurement is
17.1 mA/cm2, which is slightly smaller than the calculated value
from the EQE measurement of 17.5 mA/cm2. This suggests that
the portion of diffuse light that is lost in the J–V measurement
is greater than in the EQE measurement, which might result
from the fact that EQE measurement uses a small focused beam
while the light from the solar simulator is uniformly distributed
over a large area. The VOC of the silicon cell with perovskite
filter is slightly reduced from 0.697 to 0.674 V due to the effect
of low light intensity and possibly an increase in the operating
temperature of the silicon cell as the silicon cell temperature
is not controlled during the measurement. Its FF is slightly
reduced from 0.797 to 0.790, which might be caused by the
reduction of the VOC . The overall efficiency of the silicon cell
with perovskite as the reflective filter is 9.1%. As summarized
in Table II, the four-terminal tandem efficiency is calculated as
the sum of perovskite cell and filtered silicon cell efficiencies
with a value of 23.1%.
The optical model allows us to calculate the absorption in
each layer of the perovskite cell placed at 45° incident angle
and to estimate the equivalent current loss by integrating the
absorption weighted by the AM1.5G photon flux. The expected
current of the silicon cell with the perovskite cell as the reflective
Fig. 9. Fractional light loss in all layers of the perovskite cell placed at
45° incident angle calculated from the model. The orange region indicates the
light reflected from the perovskite cell and incident on the silicon cell. The
current shown in the legend is the generated current in each layers calculated
by integrating its absorption spectrum with AM1.5G spectrum.
filter is calculated by integrating the simulated reflection of the
perovskite cell at 45° multiplied by the original EQE of the
silicon cell and weighted by AM1.5G photon flux. The fractional
light loss and calculated current in each layer is shown in Fig. 9.
The model does not take into account the diffuse reflection,
hence the calculated current for the silicon cell is 18.3 mA/cm2,
which is much higher than the obtained experimental data of
17.1 mA/cm2 from the J–V measurement. The simulated value,
however, agrees well with the calculated current of 18.5 mA/cm2
from the EQE data when we assume that the silicon cell receives
the total reflection from the perovskite cell, as shown by the
dotted line in Fig. 8(a).
Comparing the losses calculated in the Spiro and Au
(under the assumption of specular reflectance) of 0.79 and
0.98 mA/cm2, respectively, with the loss due to diffuse re-
flectance of 1.4 mA/cm2 indicates that the biggest loss comes
from the diffuse reflectance of the device. This loss could be
minimized by optimizing the perovskite deposition to achieve
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Fig. 10. (a) Change in the spectrum of the total reflectance of perovskite solar cell with the increase of incident angle. (b) Change in the solar-weighted total
reflectance of perovskite solar cell with incident angle. The reflectance shows very little change up to an angle of 60°.
more uniform films or by switching to a planar perovskite cell
structure. The loss due to the parasitic absorption of the Au con-
tact could be reduced by switching to Ag contact, however the
reaction between Ag and the iodide component in the perovskite
material affects the stability of perovskite cells [29]. The optical
model also identifies that the other significant loss is due to ab-
sorption in the ITO layer with the current loss of 0.94 mA/cm2.
The peak of the absorption at around 1000 nm suggests that
further optimization of the layer thickness might help to reduce
the absorption loss in this layer.
B. Angular Response of Perovskite Solar Cell
To further evaluate the potential of perovskite cells in other
reflective tandem configurations where the perovskite cell op-
erates at different incident angles, the angular response of the
cell needs to be explored. While the angular response of silicon
solar cells has been extensively studied, showing a clear devi-
ation from the theoretical cosine reduction due to a significant
increase in the reflectance at high incident angles [30], there has
been little investigation of the angular response of perovskite
cells. One work reported a weaker angular dependence than the
expected cosine reduction in short circuit current density, which
was attributed to the low refractive index of the perovskite active
layer compared to silicon [31]. The measurements were per-
formed with a planar perovskite cell structure on a commercial
FTO substrate using a linearly polarized 532 nm laser source. In
this paper, we use a mesoporous perovskite cell structure with
sputtered ITO on quartz substrate, which will potentially result
in a different angular response due to the complex light distri-
bution within the device induced by multiple thin layers with
different refractive index and roughness. The angular response
of a solar cell depends on the wavelength and polarization of the
incoming light as previously reported; therefore, single wave-
length laser measurements may not be representative of a cell’s
response under sunlight [32]. Hence, to gain more realistic un-
derstanding of the angular response of perovskite solar cells,
we measure the cell at different incident angles under a solar
simulator calibrated at one Sun intensity.
The angular response of a solar cell depends on two con-
tributions: a geometrical factor due to the smaller projected
area of the cell to the sun, which has a cosine dependence
with incident angle, and the angle-dependent change in the
reflectance/absorption of the device. The second of these is
strongly influenced by the front surface layers of the cell. The
normalized short circuit current and open circuit voltage of the
device at an incident angle of θi can be calculated as [30]
jsc (θi) =
Jsc (θi)
Jsc (0)
=
1−R (θi)
1−R (0) × cos (θi) (1)
voc (θi) =
VOC (θi)
VOC (0)
= 1 +
1
VOC (0)
nkT
e
ln [isc (θi)] (2)
where R(θi) is the total solar-weighted reflectance of the device
at the incident angle of θi with the assumption that the trans-
mission through the device is negligible and absorption only
happens within the active perovskite layer; R(0) and VOC(0) are
the total reflectance and open circuit voltage of the device at
normal incidence, respectively. The ideality factor n is assumed
to be one for the following calculation.
We first evaluate the angular reflectance spectrum of the per-
ovskite cell by measuring its total reflectance as a function of
incident angle. Fig. 10(a) shows the total reflectance spectra in
the wavelength range 300–800 nm for a range of incident an-
gles. The reflectance spectra have two peaks that blue shift with
increasing angle. The total reflectance is almost independent of
angle up to about 60°, but the reflectance increases significantly
for higher angles. Fig. 10(b) shows the agreement between the
experimental and simulated solar-weighted total reflectance of
the perovskite cell as a function of incident angle.
The normalized JSC of the perovskite solar cell is plotted
against the incident angle in Fig. 11(a). It shows a very small
deviation of the normalized short circuit current density from
the cos(θi) reduction at low incident angles up to 45°. The nor-
malized short circuit current density is even slightly higher than
a cos(θi) curve in the range of angles up to 25°, which indicates
a slight increase in absorption at those angles. At higher inci-
dent angles from 55° to 70°, the normalized short circuit current
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Fig. 11. (a) Dependence of normalized short circuit current of the perovskite solar cell with incident angle. (b) Normalized open circuit voltage of perovskite
solar cell as function of incident angle.
density is slightly lower than the cos(θi) curve due to increasing
front surface reflectance. The measurement can only be carried
out up to 70° because of constraints on the in-house jig, which
causes a shading effect on the perovskite cell. Equation (1) is
used together with the simulated angular reflectance to calculate
the simulated angular response of the normalized JSC , as plotted
in Fig. 11(a). Note that the results in Fig. 11(a) show excellent
agreement between the normalized JSC of the perovskite cell
at 45° and the expected cosine reduction as compared to the
slight reduction of JSC shown in Table I. In this case, the mask
was placed directly on top of the perovskite cell, and therefore,
the results are not affected by source collimation or alignment
issues. The model predicts a lower value of the normalized JSC
of the perovskite cell compared to the cosine reduction when
the incident angle approaches 90°.
The VOC of the perovskite cell was also measured as a func-
tion of incident angle, as shown in Fig. 11(b), displaying a small
reduction ofVOC at high angles as expected. Equation (2) is used
together with the simulated normalized JSC obtained from the
optical model to calculate the simulated normalized VOC . The
experimental data is lower than the simulated data, which might
be due to the higher ideality factor (n > 1) or the degradation
of the device since it was exposed to the ambient environment
for about an hour during the measurements. Although no visi-
ble degradation was observed on the cell, the JSC and VOC of
the cell were remeasured at normal incidence after the angular
dependent measurements were completed. While the JSC was
similar to the first measurement, the VOC was found to have re-
duced by 2%–3% from the initial value. A significant reduction
in VOC and a small change in JSC of perovskite solar cells in
the first few hours has been observed during stability tests by
multiple groups [33]. The study has shown an excellent angu-
lar response of perovskite solar cells even with no AR coating,
which is much better than the angular response of silicon cells.
This characteristic of the perovskite cell will be advantageous
when used as the top cell in any tandem configuration, especially
in the reflective tandem design where the perovskite cells are
intentionally operated at a large incident angle [see Fig. 1(d)].
IV. CONCLUSION
In conclusion, a tandem efficiency of 23.1% has been
achieved from a 22.4% silicon cell by using perovskite–silicon
in a reflective tandem configuration. The perovskite cell acts
as a reflective filter with high total reflectance of more than
90% in the long wavelength region; this is enabled by using
optimized sputtered ITO on quartz as a replacement for com-
mercial FTO substrates. The angular-dependent performance of
the perovskite solar cell is also studied, showing an excellent
angular response of the device, even with no AR coating. Fur-
ther work to utilize planar perovskite cell structure without the
mesoporous TiO2 and at the same time achieve a more uni-
form perovskite/Spiro layers will help to reduce the loss from
the diffuse reflectance. In a variant of the tandem configuration
to further reduce the reflectance, the perovskite cell could be
stacked onto a V-grooved backsheet with encapsulant filling the
space between the cover glass and the cell, which could signifi-
cantly improve the diffuse light collection [17]. This study has
demonstrated the potential of the reflective tandem approach to
improve the standalone silicon cell efficiency by using efficient
and cheap perovskite solar cells.
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n Chapter 2 and Chapter 3, the basic perovskite composition MAPbI3 has been used to 
fabricate perovskite solar cells. In most cases, the performance of the perovskite cells is less 
than 16% with the open circuit voltage VOC being less than 1.1 V. Moreover, the cells degrade 
rather quickly within one week of storage. There are many factors which limit the perovskite cell 
performance and affect the cell stability, however the perovskite composition is thought to be the 
main contributing factor. Therefore, it is critical to find a better performing and more stable 
perovskite composition. Fortunately, a breakthrough in using compositional engineering of 
perovskite with the composition FA0.83MA0.17Pb(I0.83Br0.17)3 has been reported [1]. The new 
composition has resulted in a substantial improvement in the cell performance with the certified 
efficiency of 17.9%. Subsequently, the combination of the organic cations FA, MA and an 
inorganic cation Cs to tune the tolerance factor of the perovskite has further boosted both the 
device efficiency and stability. Most notably, the introduction of a triple-cation system with the 
composition Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 has enabled an efficiency of 21.1% along with 
better reproducibility [2].  
Motivated by the benefit of adding small a small amount of inorganic Cs with small ionic 
radius into the perovskite composition, this chapter investigates the effect of substituting Cs with 
Rb hypothesized to be advantageous because of the even smaller size of Rb cation (1.52 Å) 
compared to Cs (1.81 Å). It is shown that, similar to Cs, the addition of Rb significantly improves 
the device performance and stability. As a result, the efficiency of the perovskite cell has been 
improved to 18.8% as compared to less than 16% from the previous two chapters. This work in 
this chapter highlights one of the first two reports of utilizing Rb for perovskite solar cells (the 
other report incorporates Rb in a quadruple-cation system, which is a further step from the 
previous triple-cation system [3]). 
In addition to the Rb-doping, this chapter looks at the interplay between the excess PbI2 
concentration in the perovskite precursor prior to the doping and the Rb-doping concentration. 
I 
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This factor has been overlooked in previous reports and the default excess PbI2 concentration is 
normally set to 5-10%. This chapter discovers that when the excess PbI2 concentration is less than 
5%, the cell performance becomes worse with the Rb-doping. The beneficial effect of Rb-doping 
is maximized when the excess PbI2 concentration reaches 15%, and the optimal Rb-doping 
concentration is 5%. The excess doping of Rb-doping (up to 15%) results in the formation of Rb-
rich phases, which is detrimental to the device performance. 
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A B S T R A C T
The highest eﬃciency perovskite solar cells reported so far are based on mixtures of formamidinium lead
triiodide (FAPbI3) and methylammonium lead tribromide (MAPbBr3), where MAPbBr3 acts as a stabilizer to
improve the formation of the black perovskite phase. In this work, we dope the perovskite precursor mixture
with rubidium iodide (RbI) and study the interplay between the doping substituent and the PbI2 excess on the
perovskite phase formation and ﬁlm morphology. The addition of 5% RbI in combination with excess PbI2
eliminates the formation of yellow non-perovskite phase and enhances the crystallinity of the ﬁlms. However,
the addition of more than 10% RbI results in the formation of a Rb-rich phase, which is detrimental for the cell
performance. The ﬁndings are conﬁrmed by cathodoluminescence measurements, which also reveal the spatial
distribution of diﬀerent phases on the perovskite ﬁlms. The performance of RbI-doped perovskite cell is
reported for the ﬁrst time with the highest eﬃciency of 18.8% and improved thermal/photo stability compared
to the undoped cells. The study demonstrates the potential of Rb as an alternative cation for use in high
eﬃciency perovskite cells.
1. Introduction
Following the ﬁrst reported eﬃciency of 3.8% in 2009, perovskite
solar cells have emerged to reach a certiﬁed eﬃciency of 22.1% in 2016
[1–3]. With such high recorded eﬃciencies achieved by simple
fabrication processes, perovskite solar cells are also very promising
for complementing silicon solar cells in a tandem conﬁguration. The
organic-inorganic metal halide perovskite structure takes the form of
ABX3, where A is normally an organic mono-positive cation such as
methylammonium (CH3NH3) (MA) or formamidinium (HC(NH2)2)
(FA), B is a metal cation such as Pb, Sn and X is a halide anion such
as I, Br, or Cl. The presence of the organic cation is one of the major
concerns with the stability of perovskite solar cell under operational
conditions. It has been reported that moisture, light, heat and electrical
bias can all have a signiﬁcant impact on the lifetime of the device [4]. In
fact, a recent experimental study has suggested thermodynamic
instability of MAPbI3 due to it positive enthalpy (heats) of formation
[5], emphasizing the need for ﬁnding more stable perovskite composi-
tions. To address these issues, eﬀorts to completely replace the organic
cation by its inorganic equivalent caesium (Cs) have been reported with
reasonable success [6–8]. CsPbI3 has a bandgap of 1.7 eV, suitable for
tandem solar cell applications as well as single junction solar cells,
however it forms an orthorhombic structure at room temperature and
transforms to cubic (perovskite) structure only at 634 K [9]. The high
temperature required for the formation of the cubic phase of CsPbI3
implies the structural instability of this material at room temperature.
Eﬃciency of up to 8.4% for CsPbI3 perovskite cells has been reported
although the cell degrades rapidly (less than 1 h in ambient atmo-
sphere) [10]. By partially replacing the larger iodide with the smaller
bromide in the form of CsPb(BrxI1−x)3, improved structural phase
stability has been observed with eﬃciency of 6.5%. Overall the
eﬃciency achieved with the inorganic perovskite has been limited to
less than 10%.
On the other hand, organic-inorganic perovskite with mixtures of
FAPbI3 and MAPbBr3 (denoted as mixed perovskite) have emerged as
suitable candidates to achieve superior eﬃciency [11]. MAPbBr3 acts as a
stabilizer to promote the formation of black α-FAPbI3 phase. Following this
strategy, high eﬃciencies have been achieved by using excess amount of
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PbI2 in the precursor, which signiﬁcantly improves the open circuit voltage
(Voc) to as high as 1.18 V with an active material bandgap of 1.5–1.6 eV
[12]. Another approach to have both high eﬃciency and stable perovskite
solar cells is to combine the stability of inorganic mono-positive cations
with the better eﬃciency achieved with organic cations. There are several
reports investigating the eﬀect of mixed-cation perovskite with Cs. One of
the ﬁrst reports by Lee et al. used the hybridization of Cs and FA
(FA0.9Cs0.1PbI3) to improve the photo- and moisture- stability of perovskite
solar cells, which has been attributed to the enhanced FA-I interaction due
to the contraction of the cubo-octahedral volume. The average eﬃciency
improved from 14.9–16.5% due to Cs incorporation [13]. McMeekin et al.
employed FA0.83Cs0.17PbI1.8Br1.2 to tune the optical bandgap to 1.75 eV for
tandem applications. The compound was found to have better photo-
stability than commonly used MAPbI1−xBrx [14]. Following a similar
approach, Yi et al. employed Cs0.2FA0.8PbI2.84Br0.16 to obtain an eﬃciency
of up to 18% with excellent long term stability in ambient air (although the
relative humidity is not speciﬁed in the report). The improvement comes
from the entropic gain and the small internal energy input required for the
formation of black perovskite phase upon the addition of Cs [15]. Li et al.
demonstrated that the Goldschmidt's tolerance factor can be tuned to the
optimal range by alloying FAPbI3 and CsPbI3, which result in better cell
performance and stability [10]. Most recently Saliba et al. used a triple
cation mixture consisting of MA/FA/Cs; eﬃciency of 21.1% was reported
with better cell stability and process reproducibility. In that paper, the
initial perovskite solution contains ~10% of excess PbI2 which has been
claimed to have a beneﬁcial eﬀect on the device performance although the
PbI2 peak is suppressed completely upon the addition of CsI as evident
from the XRD measurement [16].
As suggested by above mentioned reports, the addition of a smaller
size inorganic cation (such as Cs) leads to better performance and
stability. This motivated us to investigate the eﬀect of substituting Cs
with rubidium (Rb) because of the even smaller size of Rb cation
(1.52 Å) compared to Cs (1.81 Å). It is expected that due to the addition
of Rb, the Goldschmidt tolerance factor will be in the vicinity of 1,
hence enhancing the structural stability of the perovskite system. This
might also have a positive impact on the thermal and moisture stability
of the material. A previous study to understand the structural evolution
of Cs and Rb triiodoplumbates found that both CsPbI3 and RbPbI3
crystallize in orthorhombic Pnma symmetry and expand isotropically
upon heating. While CsPbI3 undergoes a reversible phase transition to
the cubic perovskite structure between the temperature range of 563–
602 K, the RbPbI3 does not undergo any phase transition until melting
at high temperature of 700 K [9]. Ab initio calculation of bandgaps and
absolute band position of polymorphs of CsPbI3 and RbPbI3 has shown
that δ-RbPbI3 has the electronic structure capable of eﬃcient electron
transfer to TiO2 while δ-CsPbI3 does not. Both of them, however, have
low electron-hole mobility due to the ﬂat band structure [17]. The
above mentioned reports suggest that the alloying of organic cations
perovskites with Rb could have a beneﬁcial eﬀect on their photovoltaic
performance. However, to date there is no report investigating the
functional photovoltaic performance of perovskite with Rb cation as a
potential dopant. Our work reports the use of Rb for the ﬁrst time in
mixed-cation mixed-halide perovskite solar cells with improved device
performance. Using both, cathodoluminescence (CL) and X-ray diﬀrac-
tion, we investigate the interplay of RbI with the excess PbI2 on the
formation of perovskite phases and ﬁlm morphology. This study also
demonstrates that Rb incorporation aids in enhancing the thermal- and
photo-stability of perovskite solar cells.
2. Materials and methods
2.1. Materials
Poly[bis(4-phenyl)(2,5,6-trimentlyphenyl)amine (PTAA, Mn=
21,890 gmol−1) was purchased from EM Index. Mesoporous transpar-
ent titania paste (30 NR-D), formamidinium iodide and methylammo-
nium bromide were purchased from Dyesol and were used as received.
All other materials were purchased from Sigma-Aldrich and were used
as received unless speciﬁed otherwise.
2.2. Cell fabrication
FTO glass (TEC-7) was cleaned with detergent and ethanol in
ultrasonic bath for 30 min and 10 min, respectively. A 30 nm-thick
TiO2 blocking layer (cp-TiO2) was deposited on the clean glass using
spray pyrolysis of a bis(isopropoxide)-bis(acetylacetonate)titanium(IV)
solution at 450 °C. 200 nm-thick mesoporous TiO2 (ms-TiO2) was
deposited on the substrate by spin-coating the solution of TiO2 paste
30 NR-D in ethanol (1:6 of weight ratio) at 5500 rpm for 25 s with the
acceleration rate of 1000 rpm/s. The sample was then annealed at
500 °C in air for 30 min. After cooling down to room temperature, the
sample was immediately transferred to a N2-ﬁlled glove box. Perovskite
solution was prepared by mixing 1.1 M×(1+x) of PbI2, 1.1 M FAI,
0.2 M PbBr2, 0.2 M MABr in the mixture of DMF/DMSO (4:1 of
volume ratio), where x is deﬁned as the amount of excess PbI2. 1.3 M of
RbI solution in DMSO was added into the perovskite solution with
varying amount for diﬀerent doping concentration. Perovskite ﬁlm was
deposited on the sample with 2-step program consisting of 2000 rpm
for 10 s and 6000 rpm for 20 s 10 s before the program ends,
chlorobenzene was dropped on the spinning sample to accelerate the
crystallization process [18]. The sample was then annealed at 100 °C
for 30 min on a hotplate. 1 ml of PTAA solution was prepared by
mixing the powder in toluene (10 mg/ml) with an additive of 7.5 µl
(triﬂuoromethane)sulfonimide lithium salt (Li-TFSI) in acetonitrile
(170 mg/ml) and 4 µl 4-tert-butylpyridine (TBP). The PTAA solution
was spin-coated on the sample at 3000 rpm for 30 s with the accel-
eration rate of 3000 rpm/s. Finally 100 nm of Au contact was deposited
on the sample through a shadow mask by thermal evaporation with the
cell active area of 0.16 cm2.
2.3. Characterization
X-ray diﬀraction was measured with a High-resolution PANalytical
X’Pert PRO MRD system in Grazing Incidence X-ray Diﬀraction
(GIXRD) with the step size of 0.005° and the integration time of 1 s
per step. Reﬂection/Transmission was measured with Lambda 1050
spectrophotometer (Perkin Elmer) in the integrating sphere mode. The
steady state photoluminescence spectra were captured using a Horiba
Jobin Yvon Fluorolog FL3-22 system equipped with a 532-nm excita-
tion diode-pumped solid state laser, and a photomultiplier tube (PMT)
detector having a detection range from 400 to 1000 nm. The detail of
the measurement setup can be found in the previous report [19]. The
time-resolved photoluminescence was performed with a Horiba
LabRAM Evolution system equipped with a 508-nm excitation pulsed
laser, and another PMT detector having a detection range from 400 to
850 nm. All photoluminescence measurements were performed at
room temperature and in air. Cathodoluminescence (CL) measurement
was performed on FEI Verios scanning electron microscope (SEM)
equipped with a Gatan MonoCL4 Elite cathodoluminescence system.
Perovskite samples for CL measurements were prepared with a similar
procedure to that described in the cell fabrication section. CL images
were captured in panchromatic mode with appropriate dichroic ﬁlters.
For imaging the perovskite-rich phase, a long pass ﬁlter ( > 605 nm)
was employed, while imaging of PbI2 and Rb - rich phases was done
using a band pass ﬁlter (505–575 nm). The CL imaging was performed
at a constant accelerating voltage of 5 kV with a beam current of 13pA.
Cross-sectional images were captured with Helios Nanolab 600 FIB
system.
The external quantum eﬃciency (EQE) was measured using home-
made setup without light bias in DC mode including a tungsten light
source, a monochromators SP AB301-T, two Keithey 2425 source-
meters, and a reference cell. The EQE response is calibrated using a
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certiﬁed Fraunhofer CalLab reference cell. The current-voltage char-
acteristic of the cell was performed using Solar Simulator model
#SS150 equipped with a potentiostat source Autolab PGSTAT302N.
The light intensity was calibrated at one Sun (100 mW/cm2, AM1.5 G)
using the certiﬁed Fraunhofer CalLab reference cell. The samples were
under light and open-circuit prior to the measurement for less than
10 s. The scan rate is ﬁxed at 50 mV/s with the voltage step of 10 mV
and the dwell time of 200 ms. The samples were under low vacuum and
the temperature is controlled at 25 °C using a custom built measure-
ment jig.
3. Result and discussion
The beneﬁcial eﬀect of the excess of PbI2 on the cell performance
has been demonstrated in a number of reports. It is claimed that excess
PbI2 present at the grain boundaries (GBs) mitigates non-radiative
charge recombination and ionic defect migration, and boosts the cell
performance [12,20–23]. However due to its wide bandgap (2.34 eV)
[24], too much of excess PbI2 will hinder the electron transport from
perovskite to TiO2 and the hole transport from perovskite to the hole
transport layer [25]. There seems to be an optimal amount of excess
PbI2 for cell eﬃciency ranging from 5–10% depending on the
perovskite system being used (pure MAPbI3 or mixed perovskite).
The amount of excess PbI2 is either controlled through the annealing
condition or through the non-stoichiometry of the precursors particu-
larly by varying the ratio between PbI2 and MAI/FAI. In this paper, the
addition of RbI into the perovskite solution will inevitably react with
the unreacted PbI2 and have a direct impact on the phase formation
and morphology of the perovskite ﬁlm. Therefore, it is of great interest
to investigate how RbI reacts with diﬀerent amount of excess PbI2 and
what is the optimal amount of PbI2 to maximize the cell performance.
Using GIXRD, we ﬁrst investigate the diﬀerent phases of perovskite
ﬁlms grown on FTO/cp-TiO2/ms-TiO2 substrates with varying
amounts of excess PbI2 and RbI doping. In Fig. 1, all the ﬁlms show
the strongest diﬀraction peak at ~14°, which correspond to the black
perovskite phase oriented along (110)/(002) direction [26]. The change
in the crystal orientation toward (112)/(200) [13,27], which has been
observed for the case of Cs doping, is not observed in our study. With
no excess PbI2 and no RbI doping, the signiﬁcant peak of yellow non-
perovskite phase is prominent at 11.5° (δ). The yellow phase is the
hexagonal phase of FAPbI3, which is favourably formed at room
temperature [28]. When there is an excess of PbI2, the PbI2 phase
located at 12.6° (*) appears. It becomes more prominent when the
amount of excess PbI2 increases up to 20%, while the yellow non-
perovskite phase is gradually suppressed but still persists. With 5% of
RbI doping, the yellow phase is almost suppressed in case of 0% PbI2
and 5% PbI2 and completely disappears with more than 10% of excess
PbI2. The PbI2 phase is signiﬁcantly reduced upon RbI incorporation
and a small PbI2 peak is only detected when there is more than 15%
excess PbI2 already present in the system. We note that with 5% RbI,
the reduction of PbI2 does not lead to the formation of the RbPbI3.
Additionally no RbI peak is detected in the ﬁlms with 0% PbI2 and 5%
or 10% RbI (Fig. S1). This could be attributed to Rb getting
incorporated into the lattice of perovskite to form a solid-state alloy.
Once we cross a certain percentage of RbI doping (in this case 10%), it
segregates and forms a RbPbI3 phase as evidenced by the peak at
~10.2° in the XRD pattern of RbPbI3 in Fig. S2, denoted as ρ phase.
Interestingly, with 15% PbI2 and 20% PbI2 when doping with 10% RbI,
the ρ-phase is negligible and cannot be detected by XRD. We suspect
that higher levels of excess PbI2 ( > 15%) induce more relaxation in the
lattice structure during the crystallization process, which promotes the
incorporation of Rb into the perovskite lattice [22]. With 15% of excess
PbI2 the ρ-phase is only detected when > 15% of RbI is used as a
dopant (Fig. S3). This phase separation comes from the signiﬁcant
lattice mismatch between Rb and FA/MA cations as has been reported
for the FA/Cs alloy [10,13]. With 10% of RbI, the yellow perovskite
phase is present in minor traces in the case of 0% PbI2 and it is
completely suppressed in all other cases. The suppression of the yellow
perovskite phase upon the RbI doping is noteworthy because the yellow
phase perovskite will reduce the cell performance due to its high
bandgap and inferior charge transporting ability [11].
The main black perovskite phase is ﬁtted with a Gaussian distribu-
tion to determine the peak position and full width at half maximum
(FWHM) in each case. As presented in Table S1, the peak shifts to
higher angle with addition of excess of PbI2 when the amount of RbI
doping is kept constant. The trend is an indication of the reduction in
the lattice parameter with addition of excess PbI2. However the peak
shifts towards lower angle with the addition of RbI as a dopant when
the excess PbI2 is kept constant, which might indicate the expansion of
the lattice parameter upon the addition of RbI. Since the ionic radius of
Rb+(1.52 Å) is much smaller than FA+(2.79 Å), shrinkage in the lattice
parameter is expected with the addition of RbI as a dopant. Hence, the
trend observed here is counter-intuitive. The calculated FWHM shows
an overall reduction with greater excess of PbI2 and higher doping
concentration of RbI, which might be associated with better crystal-
linity of perovskite ﬁlms and larger size of the perovskite grains, as
discussed later in the paper.
To understand the microstructure evolution, including phase
segregation and its impact on the local charge transport and optical
property of perovskite ﬁlms, SEM and CL study was performed.
Although CL is a powerful tool to investigate phase segregation with
a spatial resolution down to tens of nm, extreme care should be taken
during imaging to prevent defect formation and phase transformation
[29]. All the perovskite ﬁlms for these studies were prepared on glass/
FTO/cp-TiO2/ms-TiO2 substrates to replicate the ﬁlm growth condi-
tion on the cell structure and maintain consistency with other
measurements. We employ spectrally resolved CL to understand the
distribution of PbI2 in the ﬁlm. The PbI2 ﬁlm shows a CL peak at
~510 nm as shown in Fig. S4 while the perovskite ﬁlm shows the CL
peak at ~780 nm (Fig. 3). Hence these two phases can be spatially
resolved in the CL images using dichroic ﬁlters as explained in the
materials and methods section. As we later found that 15% of excess
PbI2 gives the best performance when doping with RbI, we present the
results of perovskite ﬁlms with 15% excess PbI2 in Fig. 2 while the
results for other compositions are presented in Fig. S5. The SEM
surface images of perovskite ﬁlms with 0%, 5% and 10% of RbI doping
are presented on the left, where the green masks indicate the spatial
distribution of PbI2 and the red mask presents the Rb-rich phase which
only appears on the sample with more than 10% of RbI doping. The
masking was done using the 505–575 nm bandpass CL image and
Fig. 1. XRD of perovskite ﬁlms on FTO/cp-TiO2/ms-TiO2 substrates with diﬀerent
amounts of excess PbI2 and RbI doping concentration. The PbI2 phase is denoted as *;
the yellow perovskite phase is denoted as δ; the Rb-rich perovskite phase is denoted as ρ.
Only data of 2θ ranging from 9.5° to 15° is presented.
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detailed information on how to construct those masks can be found in
the supporting document (Note 1). The mask locations are almost
coincident with the bright spots in the SEM images, which conﬁrm the
observation from other groups that the bright spots present the PbI2
phase [21,30].
It is clear from the images that as the RbI content increases the
amount of PbI2 decreases. With no RbI doping, the presence of PbI2
crystals was very clear with crystal size smaller than 100 nm distrib-
uted on the ﬁlm surface. The distribution density of PbI2 crystals
reduced upon addition of 5% RbI, which can be attributed to the
reaction between PbI2 and RbI. With the addition of 10% RbI, there are
a few bright spots observed on the SEM image. From the CL spectrum
presented in Fig. 3, some of those bright spots marked in red have a
broad emission spectrum compared to the narrow spectrum of PbI2,
Fig. 2. (Left) SEM images of perovskite ﬁlm with 15% excess PbI2 and 0%, 5% and 10% RbI doping. (Right) CL images of perovskite ﬁlms on the left picture with a 605 nm long pass
ﬁlter. The green masks represent the location of PbI2 phase while the red mask represent the Rb – rich phase. The scale bar is 1 µm.
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indicating the formation of a defective phase. This feature is more
pronounced on the samples with higher RbI doping (Fig. S6). Energy-
Dispersive X-ray Spectroscopy (EDX) was used to detect the elements
present in these phases. As shown in Fig. S7, the bright spot was found
to be Rb – rich phase. The small amount of Rb-rich phase could be
detected in the CL, but not in the XRD measurement. A pure RbPbI3
ﬁlm was prepared following the procedure mentioned in the cell
fabrication section; however it had no luminescence which could be
because the ﬁlm was annealed only at 100 °C while the phase transition
temperature of this material should be higher than 400 °C. The new
Rb-rich phase is probably formed at lower temperature with the help of
other cations (MA and FA) as has been demonstrated in case of with Cs
cations [10]. From the SEM images, it is also clearly evident that
perovskite grains get bigger upon RbI doping (biggest with 5% RbI),
which can explain the observed trend in the FWHM from the XRD
measurement (Table S1).
The CL images with the 605 nm long-pass ﬁlter are presented on
the right (Fig. 2), which shed light on the spatial distribution of the
perovskite phase. The absolute brightness of the CL images, which
represents the CL intensity, can be compared between diﬀerent
locations within an image but not between images as the refocusing
before each imaging has an impact on the intensity. The morphology
and features on the ﬁlm on the SEM images is reproduced on the CL
images, where the interfaces between grains are generally darker than
the grain interior. However the main reason for the contrast in the
intensity of the CL image comes from the presence of PbI2 phase and
Rb-rich phase, which creates a striking diﬀerence between three
samples when the RbI is varied.
To understand the structure-property relationship, we studied the
absorbance and steady state photoluminescence spectra of the above
ﬁlms. The absorbance spectra and PL spectra of the perovskite ﬁlm
with 15% of excess PbI2 and varying amounts of RbI doping are
presented in Fig. 4, while the results for all other combinations are
presented in Fig. S8. Overall with the same amount of PbI2, the
absorbance is reduced with increase in RbI doping. The absorbance
spectra also reveal that some ﬁlms have a sharp edge at about 450 nm.
By comparing with the spectrum of pure RbPbI3 and PbI2 in Fig. S9, we
identify that the sharp edge at 450 nm is related to the Rb - rich phase.
The result is in good agreement with the phases identiﬁed by the XRD
measurement as discussed before. A blue-shift in the bandgap was
previously reported upon Cs addition irrespective of the presence of
excess PbI2 [13,16], which has been attributed to a contraction of the
lattice [31]. The incorporation of Rb, however, results in the expansion
of the lattice as evidenced from the XRD analysis above and a red shift
of the bandgap was observed instead (as shown in the Tauc plot in the
inset of Fig. 4a). This diﬀerence may be partly due to the signiﬁcantly
smaller cation size of Rb compared to Cs, which could aﬀect the way
that Rb is incorporated into the perovskite structure. Rb and Cs may
also have a diﬀerent impact on the hydrogen bonding between the
cations and inorganic matrix which can change the electronic and
optical properties of the perovskite [32]. Furthermore, the larger
crystal size upon the addition of RbI would normally result in a smaller
bandgap as previously reported [33]. The steady state photolumines-
cence spectra show no obvious trend of maximum peak position with
0%, 5% and 10% excess of PbI2 as presented in Fig. S8. With 15%
excess PbI2, there is a systematic red shift of the peak position with
increase in RbI doping as shown in Fig. 4(b).
Time-resolved PL measurements were performed on the samples
with a ﬁxed amount of excess PbI2 (15%) and varying amounts of RbI
doping, with the measurement performed from both the perovskite and
glass side as shown in Fig. 5. The lifetime values obtained from the
ﬁtting of the PL decay curve with 2 – exponential decay function are
presented in Table S2. As a 508 nm excitation laser was used, and given
the high absorption coeﬃcient of the perovskite material [34], the
penetration depth of the photons will be less than 150 nm. Hence for
the measurement with the glass side illuminated, information on the
physical properties of the nano-crystalline perovskite grown within the
ms-TiO2 layer will be obtained. For the measurement performed from
the perovskite side, the physical properties of the freely grown
perovskite crystal in the capping layer will be explored (referring to
the cross-section images of the device structure with the thicknesses of
diﬀerent layers as shown in Fig. 6). As shown in Fig. 5a, the PL lifetime
from the perovskite ﬁrst increases with 5% RbI doping, however it
Fig. 3. CL spectra of PbI2, perovskite and Rb – rich phases.
Fig. 4. The absorbance spectra (a) and steady state PL spectra (b) of perovskite ﬁlms deposited on top of glass/FTO/cp-TiO2/ms-TiO2 substrates with the 15% of excess PbI2 and
varying amount of RbI doping. The inset in (a) presents the Tauc plot extracted from the absorbance measurement.
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decreases signiﬁcantly when RbI doping is increased further up to 20%.
For all the cases the PL lifetime obtained from the glass side
measurement (presented in Fig. 5b) are signiﬁcantly smaller than the
values obtained from the perovskite side measurement. This can be
explained by two possible mechanisms: the limited PL lifetime of the
small crystals caused by TiO2 nanoparticle template [35] and the
possible quenching eﬀect from eﬃcient charge transfer at the interfaces
between perovskite and the TiO2 electron transport layer as has been
suggested in other report [22]. Another interesting trend is that the PL
lifetime on the glass side decreases with increase in RbI doping.
Although it is diﬃcult to diﬀerentiate the two mechanisms above, we
suggest that the 5% RbI doping would be beneﬁcial for reducing the
recombination in the bulk of material while improving the charge
extraction with the electron transport layer.
Devices with the following structure FTO/cp-TiO2/ms-TiO2/per-
ovskite/PTAA/Au were fabricated in which the perovskite has varying
amounts of excess PbI2 and RbI doping concentration as described in
the previous section. The SEM cross-sectional images of complete cells
with 15% of PbI2 and diﬀerent amounts of RbI doping are presented in
Fig. 6. The perovskite crystals in cases with 5% and 10% RbI doped
samples are signiﬁcantly larger than in undoped case. PbI2 crystals
were detected as bright spots both at the surface and inside the bulk of
the undoped sample. In case with 10% RbI doping, the big bright spot
could be attributed to Rb-rich phase as discussed in the CL section
before. No bright spot was detected in the 5% RbI doped sample
although PbI2 is still present in the sample as evident from the previous
XRD and CL measurements. We note that from the cross-sectional
SEM images, the perovskite grains do not grow more monolithically
with RbI doping as has been reported with CsI doping.
Several batches of devices were fabricated to get a statistical
distribution of the photvoltaic parameters as tabulated in Table 1. All
the cells exhibit some degree of hysteresis although it varies from
sample to sample. We normally found that the steady state eﬃciency is
closer to the value determined from the reverse scan, hence we choose
to use the reverse scan data to make systematic comparison for the
various conditions and the obtained photovoltaic parameters are
plotted in Fig. 7 and summarized in Table 1. The values presented
here are the mean values with their standard deviation (minimum of 4
samples were examined for each condition). The same set of data for
the forward scanning can be found in the supporting document (Table
S3). With no RbI doping, overall the VOC increases signiﬁcantly as the
concentration of excess PbI2 increases and reaches a maximum of
1.13 V, while the ﬁll factor (FF) ﬁrst increases and reaches the highest
value (0.67) at 10% excess PbI2 and then decreases when the excess
PbI2 goes up to 20%. The short-circuit current (JSC) shows no obvious
trend with increasing amount of excess PbI2, although the JSC drops
down drastically when excess PbI2 goes beyond 15%. Consequently, the
power conversion eﬃciency is highest at 10% excess PbI2. This
improvement in the cell performance with an optimal amount of
excess PbI2 has been reported by several groups [12,20,22,36]. It is
further conﬁrmed here that excess PbI2 helps to reduce the yellow
phase and enhance the crystallinity of the perovskite ﬁlm as shown in
the XRD result.
Upon RbI doping, the VOC shows an obvious downwards trend for
all the cases while the JSC shows a unpredictable behaviour with
Fig. 5. Time resolved PL of perovskite ﬁlm with ﬁxed 15% of excess PbI2 and varying amount of RbI doping deposited on glass/FTO/cp-TiO2/ms-TiO2 substrates with light illuminated
from (a) perovskite side and (b) glass side.
Fig. 6. SEM cross-sectional images of perovskite cell with diﬀerent 15% excess PbI2 and
0%, 5% and 10% of RbI doping. The scale bar is 500 nm.
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diﬀerent amounts of excess PbI2. Most notably the FF is signiﬁcantly
improved upon 5% RbI doping (except the case with 5% of excess PbI2)
and it reaches the maximum (0.70) when 15% of excess PbI2 is present
in the system. We hypothesize that the improvement comes from the
supression of the yellow perovskite phase and improved crystallinity of
the perovskite ﬁlm as evidenced from the XRD and CL measurements.
A small amount of excess PbI2 is still needed to reach the highest
performance after the RbI doping, which can only be achieved when
the amount of excess PbI2 is considerably higher than the RbI doping
concentration. With 10% of RbI doping, due to the formation of the Rb-
rich phase, reduction in the cell performance is observed. In fact for the
case of 15% excess PbI2 we fabricated devices with 15% and 20% of
RbI, which show a very poor performance mainly due to the formation
of the big Rb-rich clusters on the ﬁlm (results not discussed in this
manuscript). The J-V curve of the champion cell (15% excess PbI2 and
5% RbI doping) is presented in Fig. 8. It shows the highest eﬃciency of
Table 1
Summary of the device performance with different excess of PbI2 and RbI doping.
VOC (V) FF
0% RbI 5% RbI 10% RbI 0% RbI 5% RbI 10% RbI
0% PbI2 1.112 ± 0.024 1.110 ± 0.014 1.083 ± 0.008 0.600 ± 0.010 0.643 ± 0.035 0.617 ± 0.025
5% PbI2 1.113 ± 0.019 1.097 ± 0.018 1.083 ± 0.021 0.650 ± 0.064 0.649 ± 0.015 0.622 ± 0.036
10% PbI2 1.108 ± 0.006 1.101 ± 0.013 1.091 ± 0.003 0.653 ± 0.015 0.687 ± 0.025 0.655 ± 0.035
15% PbI2 1.123 ± 0.003 1.123 ± 0.011 1.083 ± 0.005 0.640 ± 0.017 0.696 ± 0.019 0.653 ± 0.016
20% PbI2 1.125 ± 0.002 1.118 ± 0.010 1.079 ± 0.011 0.636 ± 0.012 0.684 ± 0.020 0.660 ± 0.005
JSC (mA/cm
2) Eﬃciency (%)
0% RbI 5% RbI 10% RbI 0% RbI 5% RbI 10% RbI
0% PbI2 22.28 ± 0.31 21.86 ± 0.25 21.42 ± 0.43 14.86 ± 0.27 15.61 ± 1.10 14.30 ± 0.41
5% PbI2 22.25 ± 0.34 22.49 ± 0.08 21.02 ± 1.16 16.10 ± 1.67 16.01 ± 0.55 12.51 ± 1.03
10% PbI2 22.36 ± 0.15 22.67 ± 0.37 21.91 ± 0.18 16.19 ± 0.38 17.15 ± 0.76 15.66 ± 0.93
15% PbI2 22.10 ± 0.23 22.86 ± 0.37 21.68 ± 0.69 15.89 ± 0.33 17.68 ± 0.91 15.33 ± 0.62
20% PbI2 21.73 ± 0.78 22.25 ± 0.48 21.35 ± 0.95 15.54 ± 0.49 17.01 ± 0.52 15.20 ± 0.79
Fig. 7. Performance of perovskite cells with diﬀerent amounts of excess PbI2 and RbI doping. The values were obtained from reverse scan J-V curves with a scan rate of 50 mV/s.
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18.80% in reverse scan and 17.03% in forward scan, while the steady
state eﬃciency has a value of 18.24% after 400 s of current monitoring
at the maximum power point. The EQE of the cell is presented in inset
of Fig. 8a, which shows high values in the whole visible spectrum and a
sharp edge near to the bandgap. The EQE spectrum in Fig. S10 also
shows a slight red-shift upon the RbI incorporation.
The thermal stability of the perovskite ﬁlm with 15% excess PbI2
and 0% or 5% RbI doping was evaluated by annealing the ﬁlm at 135 °C
for 6 h in N2 environment. The temperature of 135 °C, which is much
higher than the processing condition of the ﬁlms, is chosen to
accelerate the degradation of the ﬁlm. As shown in Fig. 9 the undoped
perovskite ﬁlm showed an obvious decomposition to PbI2 with the
sharp edge at 500 nm (Fig. S9, absorption spectrum of PbI2) after the
thermal aging test. The sample with 5% RbI doping is more robust to
degradation and has only a shallow edge at 500 nm. This experiment
emphasizes the role of RbI doping as means to improve the thermal
stability of perovskite ﬁlms. The stability of the as-prepared cells were
also examined by monitoring the performance of un-encapsulated
device under continuous white light illumination from the solar
simulator without a UV ﬁlter and under ambient environment with
relative humidity of 40–50%. As shown in Fig. 10a, although both 0%
RbI and 5% RbI cells degrade severely within 10 h, the device with 5%
RbI doping shows relatively better stability compared to the un-doped
device. We note that the combination of light and humidity will
considerably accelerate the degradation of un-encapsulated perovskite
cells. To decouple the eﬀect of moisture and photo induced degrada-
tion, the un-encapsulated devices were tested under the same condition
Fig. 8. (a) Champion cell J-V data with the scan rate of 50 mV/s, reverse means scanning from open circuit to short circuit while forward means the other way. Inset shows the EQE of
the cell measured without light bias. The integrated current calculated from the EQE data is 21.38 mA/cm2 (b) Steady state current monitoring at VMPP of 0.9 V. Inset shows the picture
of the cell.
Fig. 9. Thermal stability study of perovskite ﬁlm. The ﬁlms were kept on a hotplate setup
at 135 °C under N2 environment. The perovskite ﬁlms were deposited on bare glass
substrates.
Fig. 10. (a) Monitoring of cell performance with 15% PbI2 and 0% RbI or 5% RbI under continuous white light illumination. The cells were kept under ambient condition with the RH of
40–50% while the temperature was controlled at 25 °C. The eﬃciency values were obtained from the J-V scan in the reverse direction with the scanning rate of 50 mV/s (b) Monitoring
the steady state eﬃciency of the cell at maximum power point tracking in the same condition with (a) except the cells were put inside N2 environment.
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except that the cells were well covered in N2 environment using a
custom built jig. The water level inside the jig is below 1 ppm. As shown
in Fig. 10b, the eﬃciency of the 0% RbI cell encountered a large drop of
30% in the ﬁrst 10 h and then stabilized with no further degradation
until 100 h. In contrast, the 5% RbI doping cell encountered a softer
drop of 10% in the ﬁrst few hours, but then it recovered to around the
initial eﬃciency until 100 h. The results demonstrate that both the
photo- and moisture stability of the cell improve upon RbI doping. This
enhancement can be partially attributed to the complete suppression of
the yellow perovskite phase upon RbI doping, which improves the
structural stability of the material. Moreover, RbI addition is expected
to reduce the generation of hydrogen iodide (HI) from MA/FA cations
under light as demonstrated with Cs doping [13].
4. Conclusion
In conclusion, we have demonstrated eﬃcient perovskite solar cells
employing RbI doping in conjunction with control of the amount of
excess PbI2 on the ﬁlm. We ascribe the improvement mainly to the
eﬀect of RbI on the structure and compositional change of perovskite.
It is shown that RbI doping helps to suppress the yellow non-perovskite
phase and re-distribute the PbI2 phases, which contribute to improved
lifetime and better charge extraction, and consequently improved cell
performance. The study shows segregation and spatial distribution of
diﬀerent phases on the ﬁlm surface upon the modiﬁcation. The initial
stability study also shows higher thermal and photostability of the RbI -
doped material, which is promising for the commercialization of
perovskite solar cells.
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CHAPTER 5 
 
Rubidium Multication Perovskite with Optimized 
Bandgap for Perovskite-Silicon Tandem with over 
26% Efficiency 
 
s shown in Chapter 1, the optimized bandgap for the top cell in a tandem system with a 
silicon bottom cell is between 1.7 eV and 1.8 eV [1].  This is critical to balance the photon 
distribution in each sub-cell, especially in a two-terminal monolithic tandem when current 
matching is required. This chapter aims to develop an efficient perovskite cell by engineering the 
composition to achieve a bandgap in the optimal range. Previous work has demonstrated a mixed-
cation lead mixed-halide perovskite composition FA0.83Cs0.17Pb(I0.6Br0.4)3 with a bandgap of 1.74 
eV to make perovskite cells with stabilized efficiencies up to 16% [2]. While this is a great 
breakthrough in the development of optimized bandgap perovskite cells, it has several limitations 
such as substantial hysteresis and the cell performance seems to drop notably under illumination 
only after 60 s. 
The work performed in this chapter extends the study on the beneficial effect of Rb-doping 
in Chapter 4 to high bandgap materials.  A new perovskite composition 
Rb0.05(FA0.75MA0.15Cs0.1)0.95PbI2Br with the bandgap of 1.73 eV has been developed. Compared 
to FA0.75MA0.15Cs0.1PbI2Br, both the efficiency and the stability of perovskite cells are improved 
by doping with 5% Rb. Interestingly, the hysteresis effect in the cell is also suppressed and the 
champion cell has a stabilized efficiency of 17.4%. Furthermore, the cell performs stably at the 
maximum power point under illumination and retains around 95% of the original efficiency after 
12 hours. It is important to note that the light induced phase segregation as discussed in Chapter 
1 is still observed in the multi-cation perovskite films. This phenomenon is indicated by the red 
shift in the photoluminescence peaks of the perovskite films under illumination. The reasons for 
the stable performance of the perovskite cells under light at the maximum power point is be further 
investigated in Chapter 6 of the thesis. 
A 
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Building upon the development of low parasitic absorption semi-transparent perovskite cells 
in Chapter 2 and applying several changes in the electron and hole transport layers (the compact 
TiO2 is prepared using spray pyrolysis instead of atomic layer deposition, and PTAA is used as 
the hole transport layer instead of Spiro-MeOTAD), semi-transparent cells with an efficiency of 
up to 16%, parasitic absorption of less than 12% and average transparency of 84% in the long 
wavelength region have been developed. In the four-terminal mechanically stacked tandem 
configuration, an Interdigitated Back Contact (IBC) silicon cell with an efficiency of 23.9% is 
used as the bottom cell instead of the 19.6% Passivated Emitter Rear Locally-diffused (PERL) 
silicon cell used in Chapter 2. Moreover, the reflectance loss in the tandem system is significantly 
reduced with the use of a textured foil attached on the glass side of the perovskite solar cell as an 
anti-reflectance coating and the use of silicone as an optical coupling layer between the two sub-
cells. As the result, a tandem efficiency of 26.4% has been achieved with the four-terminal 
mechanically stacked tandem system. This efficiency is closely approaching the record single 
junction silicon cell efficiency of 26.6%, which demonstrates the great potential of this tandem 
technology. 
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1. Introduction
Perovskite solar cells have rapidly emerged as a competitive 
solar cell technology with efficiency increasing from 3.8% 
in 2009 to 22.1% certified in 2016.[1,2] Due to their simple 
Rubidium (Rb) is explored as an alternative cation to use in a novel multi cation 
method with the formamidinium/methylammonium/cesium (Cs) system to 
obtain 1.73 eV bangap perovskite cells with negligible hysteresis and steady 
state efficiency as high as 17.4%. The study shows the beneficial effect of Rb in 
improving the crystallinity and suppressing defect migration in the perovskite 
material. The light stability of the cells examined under continuous illumina-
tion of 12 h is improved upon the addition of Cs and Rb. After several cycles of 
12 h light–dark, the cell retains 90% of its initial efficiency. In parallel, sputtered 
transparent conducting oxide thin films are developed to be used as both rear 
and front transparent contacts on quartz substrate with less than 5% parasitic 
absorption of near infrared wavelengths. Using these developments, semi-trans-
parent perovskite cells are fabricated with steady state efficiency of up to 16.0% 
and excellent average transparency of ≈84% between 720 and 1100 nm. In a 
tandem configuration using a 23.9% silicon cell, 26.4% efficiency (10.4% from 
the silicon cell) in a mechanically stacked tandem configuration is demonstrated 
which is very close to the current record for a single junction silicon cell of 26.6%.
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solution deposition processing and high 
efficiency, perovskite solar cells are very 
promising either as stand-alone devices 
or in a tandem structure with silicon to 
achieve higher performance and reduce 
the cost of photovoltaic modules. Given 
the dominance of silicon in the photo-
voltaic market, with around 93% market 
share,[3] using a perovskite cell to upgrade 
the silicon cell efficiency may be a more 
realistic option than having a stand-alone 
perovskite cell. To achieve this requires 
that the perovskite top cell be highly effi-
cient, extremely transparent at long wave-
lengths, and very stable.
In pursuit of higher performance in 
perovskite solar cells, there has been an 
increasing trend of using different cat-
ions and halides and mixtures thereof. 
Pioneered by Jeon et al., compositional 
engineering using FAPbI3/MAPbBr3 
mixture demonstrated certified effi-
ciency of 17.9%.[4] Following that work and further utilizing 
the beneficial effect of excess PbI2, perovskite cells with effi-
ciency of 20.8% have been reported.[5] Notably the explora-
tion of inorganic cations such as cesium to partly replace the 
organic cations has led to consistent improvement in the cell 
performance and stability.[6–9] Saliba et al. introduced the triple 
cation in the normal (1.6 eV) bandgap perovskite in the form 
of Cs0.05(FA0.83MA0.17PbI0.83Br0.17)0.95 to achieve an efficiency of 
21.1% and better process reproducibility.[10]
In the tandem structure, simulation has shown that perovs-
kite/silicon tandem efficiency of >30% is feasible but very chal-
lenging with stringent requirements to minimize the parasitic 
absorption in the perovskite top cell.[11] So far the highest effi-
ciencies reported have been 25.2% with a mechanical stack[12] 
and 23.6% with a monolithic tandem structure. In both cases, 
the bottom silicon cell has been identified as the limiting cell 
mainly because the silicon cell can only absorb the solar spec-
trum with energy ranging from 1.1 to 1.6 eV. Especially in the 
monolithic tandem, it is critical to match the currents of the 
top and bottom cells by balancing the photon distribution in 
each subcell. Therefore, to further improve the tandem per-
formance, it is necessary to expand the silicon cell absorption 
spectrum by using a higher bandgap material for the top cell, 
[+]Present address: Florida Solar Energy Center, University of Central 
Florida, FL 32816, USA
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Adv. Energy Mater. 2017, 1700228
www.advenergymat.dewww.advancedsciencenews.com
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700228 (2 of 11)
as the bandgap of 1.7–1.8 eV for the top cell has been shown 
to be optimal for achieving the highest tandem efficiency in 
both mechanical stack and monolithic tandem configura-
tions.[13] The inorganic perovskite of CsPbI3 offers that range 
of bandgap however the performance has not been competitive 
with its organic perovskite counterparts so far.[14] Perovskite 
material with organic cation formamidinium (FA) or methyl-
ammonium (MA) and a bandgap of 1.7–1.8 eV can be achieved 
using a mixture of the halides I and Br with the rough ratio 
of two to one.[15] However the so-called light-induced phase 
segregation in the mixed-halide system, where photoexcita-
tion induces halide migration leading to lower bandgap iodide-
rich domains, has limited the achievable performance.[16] A 
recent study shows that MAPb(I1−xBrx)3 mixture has a misci-
bility gap above room temperature when 0.3 < x < 0.6, which 
results in a spinodal decomposition and phase segregation for 
high bandgap perovskites, since x ≈ 0.33 is required to obtain a 
bandgap of 1.75 eV.[17] The reversible photoinduced phase seg-
regation is hypothesized to be a result of local strain induced by 
photogenerated polarons and has been attributed to the unique 
electromechanical properties of hybrid organic–inorganic 
materials.[18] Those studies suggest that compositional engi-
neering may provide a solution to thermodynamically stable 
wide bandgap materials. In fact impressive results have been 
achieved using the composition FA0.83Cs0.17Pb(I0.6Br0.4)3 with 
significantly improved photostability.[19] The study however 
only compared the change in the photoluminescence energy 
over time at a light intensity ≈1/30 Sun. In addition the cells 
have a substantial hysteresis effect and the performance seems 
to decrease notably under illumination after only 60 s.
Compositional engineering of multication (more than two) 
perovskites allows us to obtain optimal bandgap for tandem 
applications while further improving the stability and cell 
performance. While FA, MA, and cesium (Cs) have already 
been utilized, we further explore the effect of an even smaller 
rubidium (Rb) cation in the high bandgap cell. Rb was chosen 
because of its slightly smaller ionic size (1.52 Å) compared to 
Cs (1.81 Å). It is expected that by adding Rb, the Goldschmidt 
tolerance factor can be better tuned to achieve a more stable 
perovskite.[7] In a previous report, we already demonstrated the 
beneficial effect of Rb addition on the performance of normal 
bandgap perovskite cells.[20] Very recently, Saliba et al. reported 
the incorporation of Rb into normal bandgap (≈1.6 eV) Cs/MA/
FA cell with efficiency of up to 21.6% for a single junction per-
ovskite cell.[21]
In this paper, we explore the beneficial effect of Rb in 
high bandgap (1.73 eV) perovskite material for perovskite-
silicon tandems. We achieve a steady state performance of up 
to 17.4% with negligible hysteresis for opaque cells on com-
mercial fluorine-doped tin oxide (FTO) substrates. Then, by 
combining the novel multication perovskite with very low 
absorption transparent contacts to fabricate high efficient 
semi-transparent cells, we demonstrate a semi-transparent cell 
with steady state efficiency of 16% and excellent average trans-
parency of 84% for wavelengths of 720–1100 nm. In a mechan-
ical stack perovskite-silicon tandem, a 23.9% silicon cell 
retains 10.4% under the semi-transparent perovskite, resulting 
in 26.4% tandem efficiency, which is close to the most recent 
single junction silicon cell record of 26.6%.[2] Importantly, we 
investigated the light stability of the perovskite cells under 
continuous illumination at one-Sun intensity for 12 h and 
found that the light stability improves upon increasing the 
complexity of the perovskite composition—especially through 
engineering the cation site. The semi-transparent cell was also 
examined under multiple 12 h cycles of darkness–illumination 
and shows a high degree of stability under these conditions. 
The study has clearly demonstrated the potential of perovskite 
solar cells for upgrading the performance of silicon cells in a 
tandem structure.
2. Results and Discussion
2.1. High Bandgap Opaque Perovskite Solar Cells
Before investigating the incorporation of Rb in a multi-
cation cell, we first optimized a high bandgap perovs-
kite cell with triple cation FA/MA/Cs in the form of 
FAy(MA(1−x)Csx)(1−y)PbI2Br. We initially fixed the FA amount 
at 75% (y = 0.75) and varied the ratio of MA to Cs as it has 
been previously reported that a majority of FA in the mixture 
usually gives high cell performance.[4,22] Excess PbI2 (10%) 
was also introduced in the precursor as it has been previously 
shown to be beneficial for the cell performance.[23] Figure S1 
(Supporting Information) shows optical microscope images 
of perovskite films deposited on glass/FTO/cp-TiO2/ms-TiO2 
substrates. There are many features on the film with x = 1 
(only FA and Cs), while those features do not appear for other 
compositions. No pinholes are observed on any of the films 
as evidenced from the scanning electron microscopy (SEM) 
images (Figure S2, Supporting Information). These obser-
vations are in agreement with previous findings that high 
doping of Cs (>20%) in FAPbI3 can induce phase segrega-
tion due to the substantial lattice mismatch between the Cs 
cation and its FA counterpart.[6] The presence of the MA 
cation has been shown to reduce the large discrepancy in size 
between FA and Cs and slow down the perovskite crystalli-
zation process to achieve defect free films.[10] As the amount 
of Cs increased, we observed a trend in the crystal orienta-
tion of perovskite films from (110)/(002) to (112)/(200) from 
the X-Ray diffraction (XRD) results in Figure S3 (Supporting 
Information), which agrees well with previous reports.[9,24] 
The absorption data show a slight blueshift in the bandgap 
with higher doping of Cs (Figure S4, Supporting Informa-
tion). Time-resolved photoluminescence (TRPL) shows an 
increase in the lifetime of the perovskite film upon the addi-
tion of Cs (Figure S5, Supporting Information). As shown in 
the Figure 1a, the optimal composition is found when x = 
0.4, while the cells with x = 0 (only FA and MA) display a 
significantly lower performance. The high bandgap cell per-
formance achieved with triple cations is inline with other 
reports.[19,22] While keeping the MA/Cs ratio constant and var-
ying the amount of FA from 65% to 85%, we found that the 
performance dropped relative to the original FA ratio of 75% 
(Figure S6, Supporting Information).
Despite the good performance, all the high bandgap cells 
with triple cations show a significant hysteresis index of around 
20% (Figure 1b) as defined by 
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There is no obvious trend relating the degree of hysteresis 
to the ratio of MA and Cs. A typical J–V curve is shown in 
Figure 1c, with the reverse scan showing significantly higher 
open circuit voltage (Voc) and fill factor (FF) compared to the 
forward scan. Current monitoring at Vmpp (Figure 1d) shows a 
quick drop of photocurrent in the first 150 s of the tracking and 
stabilization after that. The steady state performance is approxi-
mately the average of the efficiencies from reverse and forward 
scans.
A plausible way to improve the performance and eliminate 
the hysteresis of the perovskite cell is to increase the com-
plexity of the system to allow better balancing of the ionic 
sizes of the cations. We used the optimal condition above with 
FA0.75(MA0.6Cs0.4)0.25PbI2Br (denoted as “control sample”) and 
further added 5% of Rb to form a quadruple cation perovskite 
(denoted as “with Rb”). The Rb doping is limited to 5% as we 
have previously found that higher doping with Rb will lead to 
the formation of an Rb-rich phase, which is detrimental for the 
cell performance.[20] As a first step, we examined the crystal-
lographic and optical properties of perovskite films deposited 
on FTO/cp-TiO2/ms-TiO2 substrates, since the crystallization 
conditions will be the same for these films as for films within 
complete cells. As presented in Figure 2, the XRD results show 
the suppression of the PbI2 peak upon the addition of Rb. The 
main perovskite peak is slightly shifted to a lower angle and 
the full width at half maximum (FWHM) of the main peak is 
reduced. It is noteworthy to mention that the yellow perovskite 
phase is not observed in any of the perovskite films. Photo-
luminescence and absorbance data show a slight redshift in 
the bandgap upon the addition of Rb. From the Tauc plot and 
photo luminescence peak position, the bandgap of the perovs-
kite is ≈1.73 eV. These results indicate the successful incorpora-
tion of Rb into the mixture.
SEM surface and cross-sectional images of the complete 
opaque cells are shown in Figure 3. The active layer is com-
posed of a perovskite layer infiltrated into the pores of a 180 nm 
thick ms-TiO2 and a uniform perovskite capping layer with 
a thickness of ≈400 nm. The cross sectional images reveal 
obvious differences in the perovskite capping layer of the con-
trol sample and the doped cells. In the control cell, the perovs-
kite capping layer includes horizontal grain boundaries while 
in the Rb-doped sample, only vertical grain boundaries are usu-
ally present. This is likely to allow relatively unimpeded flow of 
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Figure 1. Optimization of triple cation high bandgap perovskite cell with different ratios of Cs and MA cation. a) Power conversion efficiency (PCE) 
obtained from reverse scanning with a scan rate of 50 mV s−1. b) Hysteresis index of the cell. c) Typical current-voltage( J–V) scan of a perovskite cell 
with composition FA0.75MA0.15Cs0.1PbI2Br in reverse and forward scan direction together with the steady state performance. d) Current and power 
monitoring when the cell was held at the Vmpp of 0.9 V for about 500 s.
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carriers for Rb-doped devices. The SEM top-view picture also 
reveals significantly bigger perovskite crystals in the Rb-doped 
sample. The bright spots in the SEM picture of the control 
sample indicate the PbI2 phase, while those bright spots disap-
pear upon Rb addition. The microscopy results further support 
the observed trend in the XRD above. We hypothesize that the 
small amount of Rb acts as nucleation sites, which assists the 
growth of bigger and more monolithic vertical perovskite crys-
tals. This mechanism has been proposed in a previous report 
although more detailed study is required to confirm that.[25] 
Time resolved photoluminescence was performed on perovs-
kite films deposited on glass substrates and show a longer life-
time for the film with Rb doping compared with the control 
film (Figure 4 and Table S1, Supporting Information).
Upon the addition of 5% Rb, the cells show significantly 
better performance as shown in Figure 5a. The improvement 
mainly comes from the increase in FF while Voc and Jsc do not 
change very much. A comparison of all the parameters can 
be found in Figure S7 (Supporting Information). Surprisingly 
the cells show negligible hysteresis as illustrated in Figure 5b. 
There is also only a small difference between slow and fast scan 
rates as shown in Figure S8 (Supporting Information). The 
current monitoring at Vmpp shows that the current increases 
in the first 100 s and stabilizes after that. The steady state per-
formance is slightly higher than the value determined from 
the J–V scans. Interestingly the Rb-doped cells show a slightly 
better performance in forward scan compared to reverse scan 
(inverted hysteresis). The champion cell has a steady state effi-
ciency of 17.4% while the efficiency from the forward scan 
is 17.3%.
The inverted hysteresis phenomenon has been previously 
reported in mixed perovskite cells and attributed to a conduc-
tion band misalignment between perovskite and TiO2 creating 
a charge extraction barrier at the interface.[26] Domanski et al. 
showed that, in structures with a Perovskite/FTO interface, the 
onset of significant reverse current flow under illumination 
can be used as a first order approximation of the relative posi-
tion of the perovskite valence band Ev with respect to the FTO 
work function.[27] Following those reports, we employed the 
test structure of FTO/Perovskite/poly[bis(4-phenyl)(2,5,6-tri-
mentlyphenyl)amine (PTAA)/Au to estimate band positions 
in the different perovskites via the onset voltage of the reverse 
current (Figure S9, Supporting Information). In this test a 
lower onset voltage is supposed to indicate a lower valence 
band energy with respect to the FTO work function, which 
translates to a lower Ec of the perovskite material with respect 
to that of TiO2 (assuming the bandgap does not change). How-
ever, contrary to the theory of ref. [32], we found that the onset 
voltage in the Rb-doped samples is actually larger than in the 
control sample, suggesting that the conduction band in these 
samples is positioned higher with respect to that of TiO2. This 
is inconsistent with the explanation for inverted hysteresis 
given in ref. [32] but follows from the alternative explanation 
for the phenomenon put forward recently by some of us.[28] 
To rationalize the inverted behavior of the Rb-doped cells, 
rapid scan JV tests[29] were performed which reveal the effect 
of prebiasing at different voltages on instantaneous cell per-
formance (Figure S10, Supporting Information). These results 
show that current extraction is severely affected in the control 
cell by biasing near 0 V, explaining why the forward scan at 
Adv. Energy Mater. 2017, 1700228
Figure 2. a) XRD patterns of FA0.75(MA0.6Cs0.4)0.25PbI2Br films with and without Rb addition. The * indicates the PbI2 peak. b) Magnified graph of 2θ 
between 14° and 15° to show the shift in the main black perovskite peak. c) Absorbance of the perovskite films, the inset shows the auc plot extracted 
from the absorbance data. d) Photoluminescence spectra of the perovskite film.
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50 mV s−1, which spends significant time around 0 V, exhibits 
a much lower current at the maximum power point for these 
cells. By comparison, the Rb-doped cells are less affected by 
biasing near 0 V. At the same time both cell types are seen 
to suffer a small loss in the rapid-scan Jsc after biasing at Voc 
or around 1 V, which can be explained in terms of the band 
bending and surface recombination caused by ion accumula-
tion.[28] In detail, this band bending causes carriers gener-
ated near the interfaces to be trapped within a narrow region 
of reversed electric field, where they recombine via surface 
defects, manifesting as a current loss. Since the band bending 
occurs after biasing cells at forward voltages above the built-in 
potential, such as Voc, this theory can account for the slightly 
reduced current at maximum power point on the reverse scan 
for the Rb-doped cells and therefore the inverted trend in 
terms of PCE of Figure 5a.
It has been observed that stoichiometric and PbI2-deficient 
samples have smaller hysteresis compared to PbI2-rich sam-
ples, which has been attributed to the higher activation energy 
for ion migration at the grain boundaries in the PbI2-deficient 
samples.[30] As shown in the XRD result, the addition of Rb 
suppresses the PbI2 phase, which might reduce ion migration 
at the grain boundaries as suggested. Going one step further, 
we tested the effect of Rb addition on the hysteresis under dif-
ferent amounts of excess PbI2 (0%, 10%, and 20%). The non-
doped sample with 0% excess PbI2 still shows a large hyster-
esis comparable to the nondoped sample with 10% and 20% of 
excess PbI2, whereas we observed a consistent hysteresis reduc-
tion upon Rb addition for all different amounts of excess of 
PbI2 (Figure S11, Supporting Information). The results suggest 
an additional beneficial effect of Rb regardless of the amount of 
excess PbI2.
The reduction of hysteresis can be explained by the improved 
crystallinity of the perovskite film as evidenced by the SEM 
picture and XRD result above. Large perovskite crystals may 
lead to reduced ion migration along grain boundaries and 
hence suppress the hysteresis.[31] We performed short circuit 
current monitoring for both control and Rb-doped samples, 
which reveals a much slower response of the control sample 
when the light is switched on (Figure S12, Supporting Informa-
tion). The slow response of perovskite solar cells under such 
conditions has been attributed to trap filling processes,[32] so 
the phenomena observed here suggest a reduction in the den-
sity of charge traps upon the addition of Rb. From previous 
results using intensity modulated photocurrent spectroscopy, 
normal bandgap perovskite films with Rb doping show fewer 
ionic defects, along with reduced migration of ionic defects.[21] 
From all of the above evidence, the beneficial effect of Rb in 
enhancing the crystallinity, suppressing defects and ion migra-
tion, and finally improving performance of high bandgap per-
ovskite solar cells has been clearly demonstrated.
Adv. Energy Mater. 2017, 1700228
Figure 3. Cross-sectional images of complete cells and top-view SEM images of the perovskite films. The scale bar is 1 µm.
Figure 4. Time resolved photoluminescence of perovskite films depos-
ited on glass substrates. The average lifetime of the control sample is 
62 ns and the average lifetime of Rb-doped sample is 102 ns.
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2.2. Semi-Transparent High Bandgap Perovskite Cell and 
Tandem Application
To use the high bandgap perovskite cell as the top cell in a 
tandem structure, we need to replace the FTO glass substrates 
by a more transparent contact. Starting from a quartz glass 
substrate, we developed an indium-doped tin oxide (ITO) trans-
parent contact with negligible absorption in the visible and less 
than 5% absorption in the infrared, and with a sheet resistance 
of less than 30 Ω −1 as detailed in our previous reports.[33] Both 
the transparency and conductivity of the ITO thin film improve 
after annealing in air at 500 °C, which make it compatible with 
the fabrication process of the ms-TiO2 required to make mes-
oscopic perovskite cells. Comparison of the absorption of the 
home made ITO substrate, a commercial FTO substrate and 
a commercial ITO substrate can be found in Figure S13 (Sup-
porting Information). The gold contact was replaced with an 
MoOx (10 nm)/ITO (40 nm) transparent contact. The rear ITO 
contact cannot be annealed so the sheet resistance is 160 Ω −1, 
and hence Au fingers with shading of 3% were deposited to 
compensate for the resistive loss. Figure 6a shows the cross-
sectional SEM image of the semi-transparent cell. Textured 
foil was used on the glass side of the semi-transparent cell 
and 150 nm of MgF2 was deposited on the rear ITO side to 
reduce the reflectance of the sample to less than 5% over most 
of the spectrum (Figure S14, Supporting Information). The 
semi-transparent cell fabrication process has a good reproduc-
ibility, as illustrated by the cell performance distribution in 
Figure S15 (Supporting Information). The photovoltaic para-
meters of the semi-transparent cells are slightly lower than the 
opaque cells on the same type of substrate (Figure S16, Sup-
porting Information). The best semi-transparent cell has a 
steady state efficiency of 16% after 300 s of monitoring at Vmpp 
(Figure S17, Supporting Information). As shown in Figure 6b, 
we achieved very high average transparency of up to 84% (peak 
at 86%) in the wavelength range between 720 and 1100 nm. 
The transparency reported here well exceeds the values from 
previous reports.[34] This high transparency enables the silicon 
cell to achieve the external quantum efficiency (EQE) of up to 
83% under perovskite filter. The original EQE of silicon cell 
is shown in Figure S18 (Supporting Information). As a result, 
the silicon cell with original efficiency of 23.9% retains 10.4% 
under the perovskite cell filter. The EQE of semi-transparent 
perovskite cells shows a very sharp edge at the bandgap at 
around 720 nm indicating the good absorption of the thick per-
ovskite layer. The use of a very transparent substrate and effec-
tive antireflection strategies for the semi-transparent perovskite 
cell enables EQE of more than 94% to be achieved in the visible 
wavelength range. The EQE closely follows the absorption data 
except in the short wavelength range when there is significant 
absorption from the substrate. As summarized in Table 1, the 
overall four-terminal tandem efficiency is 26.4%.
Adv. Energy Mater. 2017, 1700228
Figure 5. a) Box plot showing the performance of perovskite cells with and without Rb addition. To obtain the PCE values, J–V curves were measured 
in both reverse and forward scan directions (at a scan rate of 50 mV s−1) and steady state performance was measured by monitoring current at the 
maximum power point (SS). b) Comparison of the hysteresis index of perovskite cells with and without Rb addition. c) The J–V results of the champion 
cell with Rb in reverse and forward scan direction, together with the steady state performance. d) Current and power monitoring when the champion 
cell was held at Vmpp (0.945 V) for 500 s.
www.advenergymat.dewww.advancedsciencenews.com
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700228 (7 of 11)
2.3. Light Stability of High Bandgap Perovskite Cells
One of the biggest concerns with high bandgap perovskites 
has been phase segregation under continuous illumination. 
Most of the previous reports on phase segregation only look 
at the shift in the peak of the photoluminescence spectrum 
of perovskite films. Only a few reports investigate how the 
cell performance changes over a prolonged time under phase 
segregation.[35] Here we track the performance of dual, triple, 
and quadruple cation perovskite cells by measuring the cur-
rent at the initial maximum power point voltage Vmpp for 12 h, 
the average amount of time per day that a solar cell needs to 
operate under terrestrial application. We note that a maximum 
power point tracker was not implemented in the measurement 
and Vmpp may change over time, hence the efficiency presented 
here is not the maximum efficiency. Figure 7 shows the light 
stability of perovskite cells with dual cation FA0.75Cs0.25PbI2Br, 
triple cation FA0.75MA0.15Cs0.1PbI2Br, and quadruple cation 
Rb-FA0.75MA0.15Cs0.1PbI2Br. It is evident that compositional 
engineering of the cation site improves the light stability sig-
nificantly. While the efficiency of the dual cation cell drops to 
only ≈70% of the initial efficiency and the triple cation perovs-
kite retains about 90% of the efficiency, the quadruple cation 
perovskite remains at more than 95% efficiency after 12 h of 
operation. This result demonstrates that the phase segregation 
is suppressed upon engineering the cations of the perovskite 
material. Phase segregation has been linked to halide migra-
tion (I, Br) occurring though defects especially at the grain 
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Figure 6. a) SEM cross-sectional images of the semi-transparent cell; the scale bar is 500 nm. b) EQE of the semi-transparent perovskite cell and 
filtered silicon cell put together with the absorption and transmittance of the semi-transparent perovskite cell. The integrated current from the EQE of 
semi-transparent cell is 18.2 mA cm−2 and the integrated current from the filtered silicon cell is 18.7 mA cm−2. The obtained values are in reasonable 
agreement with the currents obtained from the J–V curves. c) J–V curves of the silicon cell with and without filter, and reverse, forward scan and steady 
state efficiency of the semi-transparent perovskite cell.
Table 1. Photovoltaic parameters of the four-terminal tandem cells.
Voc [V] Jsc  
[mA cm−2]
FF PCE  
[%]
Steady-state efficiency 
[%]
Perovskite (top cell) Reverse Scan (RS) 1.13 19.4 0.7 15.4 16.0
Forward Scan (FS) 1.12 19.4 0.73 15.9
IBC silicon (bottom cell) Without filter 0.71 41.6 0.81 23.9 23.9
With filter 0.69 18.8 0.8 10.4 10.4
Four-terminal tandem cell 26.4
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boundaries. As shown above, the perovskite film with quad-
ruple cation has significantly bigger crystal size and much 
reduced defects that will greatly reduce the halide migration. 
Several previous papers also show improved light stability due 
to better film quality with larger crystals, however in those 
studies only the MA cation was used.[36]
In real operating conditions, the solar cell will experience 
12 h—light/dark cycles. A previous report has shown fatigue 
behavior for perovskite cells, where the cell response becomes 
slower and the performance cannot be recovered to the orig-
inal value after several cycles.[37] Building on the observation 
that phase segregation in high bandgap perovskite is revers-
ible, we have implemented a 12 h—light/dark cycle test for the 
1.73 eV bandgap semi-transparent perovskite cell as shown in 
Figure 8. We observed that in the first cycle, the performance 
of the semi-transparent cell dropped to ≈90% of the original 
value (from 16% to 14.5%). The drop in the performance of the 
semi-transparent cell was slightly more severe than the drop 
in the opaque cell using the same perovskite composition as 
described above. This difference may be due to replacing the 
Au gold contact by MoOx/ITO, however more investigation 
is required. In contrast, a previous report has shown enhance-
ment in the stability of the semi-transparent cell compared 
to opaque cell. In that report an inverted solar cell structure 
was employed with nanoparticle aluminum-doped zinc oxide 
(AZO) as the interlayer and a thick layer of ITO (500 nm) was 
applied as a contact and barrier layer.[38] We note that the tem-
perature during the measurement was maintained at 25 °C, 
which avoids the migration of the metal contact though the 
hole transport layer to the perovskite material.[39] We therefore 
attribute the drop in the performance of the cell to phase seg-
regation of the perovskite material. In the second cycle after 
resting for 12 h in the dark, the performance recovered to the 
initial value, however it again dropped to ≈14.5% after 12 h of 
operation. The behavior demonstrates the phase segregation of 
the perovskite material is reversible, as expected from previous 
reports. Interestingly, from the third cycle after resting in dark 
for 12 h, the performance of the perovskite cell did not recover 
but fluctuated around the 14.5% over the 12 h period under 
illumination. This also happened in the fourth cycle and fifth 
cycle although we did not finish the fifth one. The photovoltaic 
parameters extracted from the forward J–V scans right before 
the steady state measurement in each light cycle are shown in 
Figure S19 (Supporting Information). The result is interesting 
as it reveals both reversible and nonreversible behavior in the 
performance of the high bandgap perovskite cell. This revers-
ible phenomenon is likely to originate from the perovskite 
material itself while the nonreversible degradation will require 
more investigation.
2.4. Future Outlook
Although high efficiency has been achieved, the open circuit 
voltage of the solar cell is still low compared to the bandgap. 
We believe this comes from limitations on the electron trans-
port layer in our cell. By modifying the electron transport layer, 
we can achieve Voc close to 1.2 eV however the FF is reduced 
(Figure S20, Supporting Information). With further optimiza-
tion, we expect to improve the efficiency of the perovskite cell 
significantly. Most reports focused on changing the larger A 
site cation to improve the stability, but it is 
possible that substituting the B site metal 
cation will also result in a more stable film. 
In fact Yang et al. recently reported more 
stable high bandgap perovskite by partially 
replacing Pb by Sn.[40] Different perovskite 
deposition techniques would be required to 
fabricate large area cells, and some of them 
have been demonstrated to be suitable for 
complex perovskite composition.[41] The 
optical coupling between the perovskite and 
silicon cell can serve as a partial encapsula-
tion layer however the whole system needs to 
be encapsulated to further improve the sta-
bility of the perovskite cell. One option may 
be ethyl vinyl acetate adopted from silicon 
cell encapsulation.
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Figure 7. Light stability of opaque perovskite cells on FTO substrates 
with different cation compositions upon 12 h under continuous one-Sun 
illumination. The test was under N2 environment and the temperature 
was controlled at 25 °C.
Figure 8. The stability of semi-transparent perovskite cell under several cycles of 12 h 
illumination/dark.
www.advenergymat.dewww.advancedsciencenews.com
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700228 (9 of 11)Adv. Energy Mater. 2017, 1700228
3. Conclusion
In conclusion, we have demonstrated a novel multication 
method with MA/FA/Cs/Rb to achieve high efficiency 1.73 eV 
bandgap perovskite cells with negligible hysteresis. The light 
stability was also improved significantly upon increasing 
the compositional complexity, and the cell retains up to 95% 
efficiency after 12 h of operation. By combining the 1.73 eV 
bandgap perovskite material and a low reflectivity, low absorp-
tion substrate, we fabricated a semi-transparent cell with steady 
state efficiency of 16% and excellent average transmittance of 
84% in the wavelength range between 720 and 1100 nm. In 
the tandem structure with a 23.9% interdigitated back contact 
(IBC) silicon cell, we achieved tandem efficiency of 26.4%.
4. Experimental Section
Materials: PTAA (Mn = 21 890 g mol−1) was purchased from EM 
Index. Mesoporous transparent titania paste (30 NR-D), formamidinium 
iodide, formamidinium bromide, methylammonium iodide, and 
methylammonium bromide were purchased from Dyesol and were 
used as received. MoO3 powder was purchased from Alfa Aesar. ITO 
target was ordered from AJA International Inc. The quartz substrates 
were ordered from Technical Glass Product. All other materials were 
purchased from Sigma-Aldrich and were used as received unless 
specified otherwise.
Cell Fabrication: FTO glass (TEC-7) was cleaned with detergent and 
ethanol in ultrasonic bath for 30 and 10 min, respectively. A 30 nm thick 
TiO2 blocking layer (cp-TiO2) was deposited on the clean glass using 
spray pyrolysis of a bis(isopropoxide)-bis(acetylacetonate)titanium(IV) 
solution at 450 °C. 200 nm thick mesoporous TiO2 (ms-TiO2) was 
deposited on the substrate by spin coating the solution of TiO2 paste 
30 NR-D in ethanol (1:6 of weight ratio) at 5500 rpm for 25 s with an 
acceleration rate of 1000 rpm s−1. The sample was then annealed at 
500 °C in air for 30 min. After cooling down to room temperature, the 
sample was immediately transferred to an N2-filled glove box. Perovskite 
solution was prepared by mixing FAPbI2Br, MAPbI2Br, CsPbI2Br, and RbI 
solutions with various ratios. The best ratio reported in the paper was 
75%:15%:10%:5%. The solution concentration was 1.3 m. The FAPbI2Br 
and MAPbI2Br were diluted in the mixture of Dimethylformamide 
(DMF)/Dimethyl Sulfoxide (DMSO) (4:1 of volume ratio), while 
CsPbI2Br and RbI were diluted in pure DMSO due to low solubility in 
DMF. More details on how to prepare the perovskite solution can be 
found in the supporting document. The perovskite film was spin coated 
onto the sample with a two-step program consisting of 2000 rpm for 10 s 
and 6000 rpm for 20 s. 10 s before the program ends, chlorobenzene 
was dropped on the spinning sample to accelerate the crystallization 
process. The sample was then annealed at 100 °C for 30 min on a 
hotplate. 1 mL of PTAA solution was prepared by mixing the powder 
in toluene (10 mg mL−1) with an additive of 7.5 µL (trifluoromethane)-
sulfonimide lithium salt in acetonitrile (170 mg mL−1) and 4 µL 4-tert-
butylpyridine. The PTAA solution was spin coated on the sample at 
3000 rpm for 30 s with an acceleration rate of 3000 rpm s−1. Finally a 
100 nm of Au contact was deposited on the sample through a shadow 
mask by thermal evaporation for a cell active area of 0.1764 cm2.
To fabricate semi-transparent cells, quartz glass substrates were 
cleaned with detergent and ethanol in an ultrasonic bath for 30 and 
10 min, respectively. These substrates were treated with UV-ozone 
for 10 min right before being transferred into a sputter chamber for 
deposition of the front ITO transparent contact. The sputtering was 
performed with 90 W of radio frequency (RF) power with Ar pressure of 
1.5 mTorr for 90 min; the thickness of the layer is around 180 nm. The 
substrates were then annealed at 500 °C for 1 h in air. After cooling, the 
substrates went through the same processes as discussed previously up 
to the PTAA layer. Then 10 nm of MoOX was deposited on the samples 
by thermal evaporation with a rate of 0.5 A° s−1 under a high vacuum of 
8 × 10−7 Torr. The rear transparent contact was then fabricated by 
sputtering 40 nm of ITO on the MoOX. The sputtering was performed 
with 30 W of RF power with Ar pressure of 1.5 mTorr for 60 min. Au 
fingers were then deposited on the sample with a period of 1 mm and 
width of 30 µm (3% shading) using E-beam evaporation though a 
shadow mask. The total active area of the semi-transparent cells was 
0.3 cm2. 150 nm of MgF2 was then deposited at the rate of 1.5 A° per 
son the rear ITO side of the sample for anti-reflection (AR) coating. For 
the front side, a textured foil was used for AR coating. The method to 
fabricate the textured foil can be found in a previous report.[42]
IBC silicon solar cells were fabricated according to a previous 
report.[43]
Silicone gel was used to improve optical coupling between the 
perovskite cell and silicon cell. The gel was fabricated by mixing two 
parts of the silicone (part A: part B = 10:1 weight ratio). The solution 
was then degassed and poured on top of the IBC silicon cell. The cell 
was cured at 100 °C for 1 h inside an oven. Semi-transparent perovskite 
filter was then attached onto the silicon cell (the rear ITO side of the 
semi-transparent cell was in direct contact with the silicone with no air 
gap).
Characterization: X-ray diffraction was performed with a D2 phaser 
X-ray diffractometer with step size of 0.01° and integration time of 
1 s per step. Reflection/transmission was measured with a Lambda 
1050 spectrophotometer (Perkin Elmer) in integrating sphere mode. 
The steady state photoluminescence spectra were captured using a 
Horiba JobinYvon Fluorolog FL3-22 system equipped with a 532 nm 
excitation diode-pumped solid state laser, and a photomultiplier tube 
(PMT) detector having a detection range from 400–1000 nm. The detail 
of the measurement setup can be found in the previous report.[44] The 
TRPL was performed with a Horiba LabRAM Evolution system equipped 
with a 508 nm excitation pulsed laser, and another PMT detector having 
a detection range from 400 to 850 nm. The laser intensity during the 
measurement is ≈22 µJ cm−2. SEM surface and cross-sectional images 
were captured with a Helios Nanolab 600 Focus Ion Beam system.
The EQE was measured using a homemade setup without light 
bias in DC mode including a tungsten light source, a monochromator 
SP AB301-T, two Keithey 2425 sourcemeters, and a reference cell. The 
EQE response is calibrated using a certified Fraunhofer CalLab reference 
cell. The current–voltage characteristic of the cell was measured 
using Solar Simulator model #SS150 equipped with a potentiostat 
source Autolab PGSTAT302N. The light intensity was calibrated at one 
Sun (100 mW cm−2, AM1.5G) using the certified Fraunhofer CalLab 
reference cell. The samples were under light and open-circuit prior to 
the measurement for less than 10 s. Unless stated otherwise, the scan 
rate is fixed at 50 mV s−1 with a voltage step of 10 mV and dwell time 
of 200 ms. Opaque samples were measured without a mask due to 
the difficulty in aligning the mask on the active area. The active area 
defined by the gold contact is 0.1764 cm2. The samples were under low 
vacuum and the temperature is controlled at 25 °C using a custom built 
measurement jig. Semi-transparent perovskite cells were measured with 
a mask with aperture size 0.16 cm2 and no temperature control (the 
temperature was less than 30 °C as monitored by a thermocouple). 
For stability measurement, the sample was put inside a temperature 
controlled jig filled with constant flow of N2.
IBC silicon cells were measured with a custom built jig without 
temperature control (the temperature was less than 30 °C as monitored 
by a thermocouple). Silicon cells were measured with a mask of 4 cm2 
aperture size. For tandem measurement, a semi-transparent perovskite 
filter with the size of 2.2 cm × 2.2 cm with all the layers fabricated 
using the same method for the semi-transparent cell was put on top 
of the silicon cell. The light was incident through the glass side of the 
perovskite filter covered with a textured foil. An optical coupling layer 
using silicone gel was deposited between perovskite filter and silicon cell 
to reduce the reflectance that would occur with an air gap. The silicon 
cell was measured under the perovskite filter. The semi-transparent 
perovskite cell was measured separately without the silicon cell at the 
bottom due to the difficulty in making electrical contacts. The tandem 
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efficiency was calculated by adding the efficiency of the two subcells. The 
photovoltaic measurement in this report had not been certified.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Light and Electrically Induced Phase Segregation 
and Its Impacts on the Stability of Quadruple 
Cation High Bandgap Perovskite Solar Cells 
 
rom Chapter 2 to Chapter 5, substantial progress in the efficiency of the four-terminal 
mechanically stacked perovskite-silicon tandem systems has been demonstrated. Given this 
rapid efficiency evolution, it becomes increasingly important for the perovskite top cell to be 
stable under normal working conditions, to allow commercialization of this technology. 
Furthermore, the transmittance spectrum of the semi-transparent perovskite cell should not 
change during normal operation, in order to maintain the performance of the bottom silicon cell.  
The optimal bandgap for the top cell in perovskite-silicon tandems is 1.7 eV – 1.8 eV. This 
bandgap of the perovskite material is achieved by using mixed-halide of iodide and bromide with 
the ratio of 2 to 1. However, light-induced phase segregation has been reported and identified as 
one of the major roadblocks in the utilization of this class of material [1]. In this phenomenon, 
low energy iodide-rich domains are formed when the perovskite film is exposed to light, which 
act as luminescent traps and red-shift the luminescent peak of the material. A recent study has 
shown that the origin of this phenomenon comes from interactions between the photo-excited 
charges and the ionic lattice, which induce localized strains and promote the phase segregation 
[2]. This phenomenon has been repeatedly observed in mixed-halide perovskite films and is used 
as an indication of the inferior light stability of solar cells using this optimized bandgap perovskite 
material. 
The quadruple cation perovskite composition Rb0.05(FA0.75MA0.15Cs0.1)0.95PbI2Br with a 
bandgap of 1.73 eV has been developed in Chapter 5 to fabricate efficient perovskite solar cells. 
An initial stability study shows that opaque perovskite cells using this composition can operate 
stably at the maximum power point under one Sun and retain 94% of its original efficiency after 
12 hours. Furthermore, semi-transparent perovskite cells using this composition are tested under 
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12 hours. Furthermore, semi-transparent perovskite cells using this composition are tested under 
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several 12 hour - light/dark cycles. The cell performance drops to 90% after the first 12 hours 
under light, and recovers after 12 hours resting in the dark. Using photoluminescence, light-
induced phase segregation is observed on perovskite films using this composition. In addition, 
the phenomenon is spatially resolved on the films at the nanoscale using cathodoluminescence. 
Finding the link between the light-induced phase segregation on the perovskite films and the 
abovementioned light stability behaviours of the perovskite cells is important to further improve 
the stability of the cells. 
In this chapter, the light-induced phase segregation on an active perovskite layer of a 
complete cell is studied after the cell operates at different conditions. It is found that the degree 
of the light-induced phase segregation depends on the operating conditions of the cell. In 
particular, the light-induced phase segregation is negligible when the cell operates at maximum 
power point and short circuit conditions. In contrast, the light-induced phase segregation is severe 
when the cell operates under the open circuit condition. Moreover, phase segregation is observed 
when the cell is forward biased in the dark, which indicates that photo-excitation is not required 
for the phase segregation process. 
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Perovskite material with a bandgap of 1.7 eV – 1.8 eV is highly desirable for the top 
cell in a tandem configuration with a lower bandgap bottom cell, such as a silicon cell. 
This can be achieved by alloying iodide and bromide anions, but light-induced phase 
segregation phenomena is often observed in perovskite films of this kind, with 
implications for solar cell efficiency. Here we investigate light-induced phase segregation 
inside quadruple cation perovskite material in a complete cell structure, and find that the 
magnitude of this phenomenon is dependent on the operating condition of the solar cell. 
Under short circuit and even maximum power point conditions, phase segregation is 
found to be negligible compared to the magnitude of segregation under open circuit 
conditions. In accordance with the finding, perovskite cells based on quadruple-cation 
perovskite with 1.73 eV bandgap retain 94% of the original efficiency after 12 hours 
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operation at the maximum power point, while the cell only retains 82% of the original 
efficiency after 12 hours operation at the open circuit condition. This result highlights the 
need to have standard methods including light/dark and bias condition for testing the 
stability of perovskite solar cells. Additionally, phase segregation is observed when the 
cell was forward biased at 1.2 V in the dark, which indicates that photo-excitation is not 
required to induce phase segregation. 
1. INTRODUCTION 
Bandgap tuning is an attractive feature in perovskite material, and provides the 
potential for integrating perovskite solar cells into tandem structures to achieve 
efficiencies up to 30% 1-2. This has been demonstrated firstly by alloying iodide and 
bromide anions in the form of methylammonium lead iodide/bromide MAPb(I1-xBrx)3 to 
tune the bandgap from 1.55 eV to 2.3 eV. However the disorder of MAPb(I1-xBrx)3 as 
revealed by the value of the Urbach energy and the full-width-at-half-maximum (FWHM) 
of the photoluminescence (PL) peak reach a maximum when x is between 0.2 and 0.5, 
which results in a large difference between the obtained open circuit voltage  of the cell 
and the tuned bandgap of the material.  Therefore the performance of MA-based 
perovskite solar cells is limited, which makes it less useful in tandem applications 3-5. 
Additionally, light-induced segregation phenomena in mixed-halide perovskites were 
reported, in which photo-excitation induces halide migration and results in lower bandgap 
iodide-rich domains which acts as traps and limit the performance of the solar cells 6. A 
recent study showed that the MAPb(I1-xBrx)3 mixture has a miscibility gap above room 
temperature when 0.3<x<0.6, where spinodal decomposition and phase segregation occur 
7. This has led to serious concerns because a value of x between 0.3 - 0.4 is required to 
obtain bandgaps of 1.7 eV – 1.8 eV, which have been shown to be the optimal bandgaps 
for the top cell in a tandem structure with a silicon bottom cell 8. The origin of the 
reversible photo-induced phase segregation is hypothesized to be local strain induced by 
photo-generated polarons and lead to nucleation of light-stabilized iodide-rich clusters 9. 
It is suggested that material composition and film morphology can have a significant 
effect on the phase segregation9-10. Hu et al. showed that large crystal size can improve 
the light stability and show that the cell can be stable for more than 30 minutes under 
Vmpp 11. Using fully inorganic perovskite CsPbI1-xBrx, Beal et al. show that light induced 
phase segregation can be inhibited with x ˂ 0.4 and stabilized efficiency of 6.5% can be 
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achieved with CsPbI2Br12. Interestingly, McMeekin et al. show that by mixing 
formamidinium (FA) and cesium (Cs) cation, the high bandgap films can be stable under 
illumination 13. Furthermore, light stability of perovskite cell with the composition FA-
0.83Cs0.17Pb(I0.6Br0.4)3 show a significant improvement compared to perovskite cell with 
MA cation counterparts, although the cell exhibits fast degradation in the first 50 hours. 
The study however was performed when the cell was kept under open circuit condition 
with 50% humidity, hence the effect of light induced phase segregation on the cell 
stability cannot be differentiated from other factors such as moisture and hygroscopic 
additives in the hole transport layer14. In a further attempt to engineer the metal cation, 
Yang et al. show that the light stability of perovskite cells can be improved by partially 
substituting the Pb by Sn in the form of MAPb0.75Sn0.25(I0.4Br0.6)3 15.  
To date, most studies on the subject of light induced phase segregation have assumed 
that results obtained on films will directly translate to similar results in complete cells. 
Little attention has been paid to phase segregation in the active layer of a complete cell 
under operating conditions. In this paper, we study light-induced phase segregation in the 
quadruple cation high bandgap perovskite, Rb0.05(Cs0.1MA0.15FA0.75)0.95PbI2Br, the 
composition that has enabled us to achieve more than 26% efficiency in a tandem with 
silicon 16. The addition of rubidium has shown many advantages in reducing hysteresis 
and increasing cell performance17-19.  
First we look at the phase segregation on the quadruple high bandgap perovskite 
films. Using a cathodoluminescence (CL) system equipped with different optical filters, 
we spatially resolve the phase segregation in the films following 12 hours of continuous 
illumination at one-sun intensity from a solar simulator.  We found that the phase 
segregation is not completely reversed after 12 hours under dark conditions. XRD data 
shows that the quadruple high bandgap perovskite is more robust under light compared 
to the mono-cation (MA) perovskite. We then investigate the effect of light-induced phase 
segregation on the stability of the cell at different working conditions. We find that phase 
segregation occurs inside the active area when the cell operates under open circuit 
condition. As the result, the cell performance deteriorates to less than 82% of its original 
value along with a significant drop in the open circuit voltage (VOC) after 12 hours of 
operation. However, the phase segregation within the active area is negligible when the 
cells operate under maximum power point or short circuit condition. Encouragingly, the 
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cell retains 94% of its original value after 12 hours of operation at maximum power point. 
In all cases, the phase segregation is found outside of the active area of the cells. This 
result demonstrates that although perovskite films with optimal bandgap are susceptible 
to phase segregation, its impacts on the light stability of perovskite solar cells depend on 
the operating conditions of the cells. Therefore, standard methods including light/dark 
and bias condition for testing the stability of perovskite solar cells are needed. 
2. MATERIALS AND METHODS 
2.1. Materials 
Mesoporous transparent titania paste (30 NR-D), formamidinium iodide, 
formamidinium bromide, methylammonium iodide and methylammonium bromide were 
purchased from Dyesol and were used as received. Spiro-OMeTAD was purchased from 
Luminescence Technology Corp. All other materials were purchased from Sigma-Aldrich 
and were used as received unless specified otherwise. 
2.2. Device Fabrication 
FTO glass (TEC-7) was cleaned with detergent and ethanol in ultrasonic bath for 30 
minutes and 10 minutes, respectively. A 50 nm-thick TiO2 blocking layer (cp-TiO2) was 
deposited on the clean glass using atomic layer deposition (ALD) using titanium 
tetrachloride (TiCl4) and water (H2O) sources at 75οC. 200 nm-thick mesoporous TiO2 
(ms-TiO2) was deposited on the substrate by spin-coating the solution of TiO2 paste 30 
NR-D in ethanol (1:6 of weight ratio) at 5500 rpm for 25 s with an acceleration rate of 
1000 rpm/s. The sample was then annealed at 500 οC in air for 30 minutes. After cooling 
down to room temperature, the sample was immediately transferred to a N2-filled glove 
box. Perovskite solution was prepared by mixing FAPbI2Br, MAPbI2Br, CsPbI2Br and 
RbI solutions with various ratios. The best ratio reported in the paper is 75%: 15%: 10%: 
5%. The solution concentration is 1.3M. The FAPbI2Br and MAPbI2Br are diluted in the 
mixture of DMF/DMSO (4:1 of volume ratio), while CsPbI2Br and RbI are diluted in pure 
DMSO due to low solubility in DMF. The perovskite film was spin-coated onto the 
sample with a 2-step program consisting of 2000 rpm for 10 s and 6000 rpm for 25 s. 8 s 
before the program ends, chlorobenzene was dropped on the spinning sample to accelerate 
the crystallization process. The sample was then annealed at 100 οC for 30 minutes on a 
hotplate. 1ml of Spiro-MeOTAD solution was prepared by mixing the powder in 
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chlorobenzene (80 mg/ml) with an additive of 17.5 µl (trifluoromethane)sulfonimide 
lithium salt (Li-TFSI) in acetonitrile (520 mg/ml) and 28.5 µl 4-tert-butylpyridine (TBP). 
The Spiro-MeOTAD solution was spin-coated on the sample at 3000 rpm for 30 s with 
an acceleration rate of 3000 rpm/s. Finally a 100 nm Au contact was deposited on the 
sample through a shadow mask by thermal evaporation for a cell active area of 0.1764 
cm2. 
2.3. Characterization 
Cathodoluminescence (CL) measurement was  performed  on a  FEI Verios  scanning  
electron  microscope  (SEM) equipped  with  a  GatanMonoCL4  Elite  
cathodoluminescence  system.  Perovskite samples for CL measurements were prepared 
on FTO/cp-TiO2/ms-TiO2 substrates to replicate the same film formation as in the cells. 
CL images were captured in panchromatic mode with appropriate dichroic filters. Two 
bandpass filters were used: 800±40 nm and 700±20 nm. The CL imaging was performed 
at a constant accelerating voltage of 5kV with a beam current of 13pA. X-ray diffraction 
was performed with a D2 Phaser X-Ray Diffractometer with step size of 0.01ο and 
integration time of 1s per step. Reflection/Transmission was measured with a Lambda 
1050 spectrophotometer (Perkin Elmer) in integrating sphere mode. The 
photoluminescence spectra were captured using a Horiba LabRAM system equipped with 
confocal optics, a 532-nm excitation diode-pumped solid state laser, a silicon charge-
couple-device (CCD) array detector having a detection range from 400-1000 nm and a 
micro-x-y-z mapping stage. The on-sample illuminated spot size is 2.5 microns in 
diameter. The laser power is 0.45 µW and the laser intensity is approximately 180 Suns. 
All photoluminescence measurements were performed at room temperature and in air. 
The current-voltage characteristic of the cell was measured using Solar Simulator model 
#SS150 equipped with a potentiostat source AutolabPGSTAT302N. The light intensity 
was calibrated at one Sun (100 mW/cm2, AM1.5G) using the certified FraunhoferCalLab 
reference cell. Unless stated otherwise, the scan rate is fixed at 50 mV/s with a voltage 
step of 10 mV and dwell time of 200 ms. The samples were put inside a temperature 
controlled jig filled with constant flow of N2 and temperature controlled at 25 οC. 
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3. RESULTS AND DISCUSSION 
3.1. Light-Induced Effect in Quadruple High Bandgap Perovskite Films 
Based on our previous work on high bandgap perovskite with quadruple cation 
Rb0.05(Cs0.1MA0.15FA0.75)0.95PbI2Br with a bandgap of 1.73 eV, we first study the changes 
of the perovskite films when the samples (1.4 cm * 1 cm) are fully illuminated under 
simulated sun light at one Sun for 12 hours. The typical condition is chosen to reflect the 
actual operating condition of a solar cell. The samples are kept inside N2 environment to 
minimize any possible degradation due to humidity and oxygen 20. As shown in Figure 1, 
the PL peak shifts from 718 nm to ~ 750 nm after the film is exposed under light for 12 
hours. After resting in dark for 12 hours, the PL peak almost recovers to ~ 720 nm. This 
demonstrates the reversible nature of phase segregation in the perovskites films, which is 
in agreement with previous reports6, 9. 
 
Figure 1. Change in PL spectrum of fresh, exposed and recovered perovskite films. The 
dashed lines indicate the transmission of two bandpass filters used for CL imaging. 
Next we investigate the phase segregation at the nanoscale level using CL imaging. 
We capture SEM images and CL images simultaneously from fresh, exposed and 
recovered perovskite films with two filters, as shown in Figure 2. The filters have been 
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chosen to image the emission from the fresh and exposed samples while avoiding overlap 
between the emissions. As indicated from Figure 1, CL images with 800±40 nm filter 
show the presence of low bandgap domains while CL images with 700±20 nm filter show 
the original phases. For the fresh sample, the CL images with 800±40 nm  (Figure 2b) is 
featureless, indicating no segregation has occurred, while the CL image with 700±20 nm 
filter (Figure 2c) clearly replicates the morphology of the film as shown in the SEM image 
(Figure 2a) where the CL signal is stronger inside the bulk compared to the grain 
boundaries. When the film is exposed to light for 12 hours, the CL image with 800±40 
nm filter clearly shows many bright features (Figure 2e). Those bright spots are most 
likely iodide – rich grains with a lower emission energy, which act as luminescent traps. 
The low energy emission regions form many clusters with a size range of 200 – 500 nm, 
which are similar to the size of the perovskite crystals. EDX was attempted to investigate 
the iodide concentration on the low energy emission grains, but it was not successful due 
to the damage of the film caused by electron beam irradiation, which decomposes the film 
changing the observed composition in the region of interest. After recovering the light 
exposed sample in the dark for 12 hours, the CL image with 800±40 nm filter (Figure 2h) 
only shows several bright features with lower intensity, larger size (>1 µm) and lower 
density compared to the exposed sample. This suggests that iodide is diffusing out of the 
regions, but the film has not completely recovered after 12 hours in dark. Previous study 
on MAPbI3 films with a micro-PL system has proposed that iodide migrates away from 
the locally illuminated area and the iodide moves back when light is removed21. The 
proposed mechanism is further supported in our study although we do not attempt to study 
the time dependent dynamics of the phenomena. In the MAPb(I1-xBrx)3 system, the phase 
segregation process normally happens within minutes under continuous light soaking and 
usually reverses back after less than an hour in the dark 6, 9, 22, while we show that the 
quadruple-cation perovskite does not fully recover even after 12 hours in the dark. As the 
phase segregation relies on ionic transport, the rate of phase change and recovery depends 
on the composition, crystal size / quality of the material and irradiance time, which would 
explain the different rates of phase segregation and recovery observed on the quadruple 
perovskite films in this study.  
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Figure 2. SEM, CL image with 800±40 nm filter, CL image with 700±20 nm nm filter of 
a fresh perovskite film (a - c), the film under 12 hours illumination at 1 Sun (d - f), and 
the film after resting in dark for 12 hours (g – i).  
To understand the change in the lattice structure of the films under illumination, X-
ray diffraction is performed on the fresh, exposed and recovered perovskite films (Figure 
3a). Compared to the fresh sample, the main peaks in the exposed sample slightly shift to 
lower angles (Figure 3b), which corresponds to lattice expansion after illumination. The 
widening of the FWHM of the main peak also indicates an increase in the disorder of the 
material. Although the peaks almost restore to the original place after resting in dark for 
12 hours, the FWHM increases further. We ascribe the appearance of the PbI2 peak at 
12.6ο in Figure 3a to degradation of the samples as they are exposed to the ambient during 
the measurement. Previous reports show photo-induced lattice expansion due to reduced 
hydrogen bonding in MAPbI3 perovskite, which results in a marginally small reduction 
in the bandgap 23. However that mechanism is inconsistent with previous results in our 
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group that do not show any shift in the bandgap nor in the XRD peaks with an exposed 
MAPbI3 film 24.We note that the single peak fitting for the exposed sample is not good, 
which suggests that there might be a smaller peak close to the main peak at ~ 14.4ο. We 
observed a clear split in the XRD peaks on exposed MAPbI2Br films as shown in Figure 
S1, which is in agreement with other reports 6, 11. Therefore, our result indicates that 
Rb0.05(Cs0.1MA0.15FA0.75)0.95PbI2Br is more stable under light exposure compared to 
MAPbI2Br. 
 
Figure 3. (a) XRD pattern of fresh exposed and recovered perovskite films with the 
composition Rb0.05(Cs0.1MA0.15FA0.75)0.95PbI2Br. (b) Magnified picture of the XRD at the 
main peaks and corresponding fitting results, where xc indicates the main XRD peak 
position and w indicate the FWHM of the peak. 
3.2. Light-Induced Effect and Its Impact on Cells at Different Operating Conditions 
The light – induced phase segregation observed on the perovskite film needs to be 
reassessed when it is incorporated into a cell structure for three main reasons. Firstly, an 
additional interface is created between the perovskite and hole transport layer, which 
influences the movement of halide anions on the surface as well as inside the bulk of the 
perovskite material. Secondly, external bias on the cell creates an electric field within the 
active material and affects the movement of ions, which has been proposed as the root of 
the phase segregation phenomena 25. Finally, accumulation and flow of carriers inside the 
cells could alter the perovskite crystal lattices through electron-phonon coupling 9. We 
perform the study on cells with the structure FTO/cp-TiO2/ms-TiO2/perovskite/Spiro-
MeOTAD/Au as illustrated in Figure 4. The cell performances are in the range 16–17 % 
with negligible hysteresis, which are some of the highest efficiencies reported for 1.7-1.8 
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eV bandgap perovskite cells, confirming the high quality of the perovskite material used 
in the study. Micro-photoluminescence measurement through the glass side is used as a 
non-destructive method to detect different phases in the perovskite active layer through 
the change in photoluminescence peak wavelength. By scanning an area of 5 mm × 5 mm 
with a spatial resolution of 100 µm, which covers the active area defined by the gold 
contact (4.2 mm × 4.2 mm), information about the uniformity of the phase distribution of 
the active material can be explored. First the method is applied on perovskite films, which 
show a uniform shift of the emission peak from 718 nm to ~760 nm after the film is 
exposed for 12 hours under simulated one-sun light (Figure S2). On a fresh cell, we see 
uniform position of the PL peaks both inside and outside of the active area as illustrated 
in Figure 4c, although the boundaries between two regions can be recognized by the 
difference in the PL intensity (Figure S3). After the cell operates at open circuit voltage 
under 1 Sun for 12 hours, we clearly observe the PL peak shift in both the regions inside 
and outside of the active area (Figure 4d). The PL peaks move to ~ 760 nm outside of the 
active region, which is similar to the shift observed on the exposed film. On the other 
hand, the PL peaks move to ~ 780 nm inside the active area, which indicates more phase 
segregation inside this area. 
Figure 4. (a) Top view image of a perovskite cell used in the study. (b) Setup of the 
micro-PL scanning measurement. Plots show the result of PL peak position distribution 
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on a fresh cell (c) and on a cell after 12-hour under one-sun illumination at open circuit 
(d). 
In accordance with the observed phase segregation, the open circuit voltage decreases 
from > 1.1 V to less than 1.0 V while the cell performance determined by periodic J-V 
scans after every hour deteriorates significantly to less than 82% of the original 
performance after 12 hours (Figure 5a,b). The reduction in the cell performance is mainly 
due to the drop in Voc and FF as shown in Figure S4. The drop in the VOC might be due 
to the red shift of the perovskite bandgap under the effect of the light-induced phase 
segregation. Significant increased recombination inside the perovskite active layer 
possibly caused by iodide trap states might also contribute to the drop in the VOC. This 
increased recombination might be the main reason for the significant reduction in the FF 
of the cell. Along with the drop in performance, the hysteresis in the cell increases notably 
(Figure 5c,d). On the other hand, the short circuit current of the cell increases from 19.8 
mA/cm2 to 21.1 mA/cm2, which can be explained by the increase in absorption of the cell 
due to the red shift in the bandgap (Figure S5). The cell was kept in the dark for 12 hours 
and the performance was recorded again; the VOC recovers slightly however the value is 
significantly lower than the original value while the performance does not recover. This 
is consistent with the incomplete recovery as observed in the CL measurement above. 
Additionally, factors such as UV light, migration of additives in the hole transport layer 
to the perovskite and others can contribute to the degradation of the cell 26-27; those factors 
are currently being investigated. 
12 
 
Figure 5. (a) Monitoring of open circuit voltage over time. (b) Normalized performance 
over time determined by periodically J-V scanning after every 1.5 hours. (c) J-V curves 
of the cell before and after 12 hours under light in the first cycle. (d) J-V curves of cell 
before and after 12 hours under light in the second cycle. 
Solar cells normally operate near their maximum power point rather than under open 
circuit conditions. We therefore repeated the above experiments, but this time with the 
cell held at maximum power point. The spatial distribution of the PL peak position after 
12 hours operation suggests that only localized phase segregation has occurred inside the 
active area while phase segregation is still consistently observed outside of the active 
material (Figure 6a). Inside the active area, a few locations do show signs of phase 
segregation, which we believe comes from defects in the perovskite film (eg. spinning 
defects, dust, pinholes).  In term of performance, the efficiency slightly drops to 94% of 
the original value while the VOC monitored after every 1.5 hours shows negligible 
reduction (Figure 6b,c). After the cell rests in the dark for 12 hours, the performance and 
Voc recovers although there is a slight overall reduction. We note that this drop is less 
than the drop observed by Domanski et al. with FA0.83MA0.17Pb(I0.83Br0.17)3 perovskite 
composition (bandgap ~ 1.6 eV), where cation migration has been suggested as the 
mechanism for the performance drop 28. Our results demonstrate the link between phase 
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segregation and the performance stability in the high bandgap perovskite, under the 
interplay between light and electrical bias.  
 
Figure 6. (a) Micro-PL scan image shows PL peak position distribution on a cell after 12 
hours operating at the maximum power point. (b) Monitoring of open circuit voltage over 
time.  (c) Normalized performance over time where the dips in the curves are caused by 
the response of the cell after switching from VOC to VMPP. 
We also observe negligible phase segregation inside the active area and pronounced 
phase segregation outside of the active area when the cell operates under short circuit 
condition for 12 hours under 1 Sun (Figure S6). The short circuit current remains stable 
during 12 hours of measurement.  
The dependence of light-induced phase segregation inside the active layer on the 
operating conditions of the cells can be explained by the theory of electron-phonon 
coupling. This theory has been proposed to explain the phase segregation phenomena on 
MA-based perovskite films 9. Firstly, the collection of photo-generated carriers increases 
the number of electrons on the TiO2/perovskite side and the number of holes on the 
perovskite/Spiro-OMeTAD side. Under the open circuit condition, this accumulation of 
carriers lead to more electron-phonon coupling, which promotes phase segregation. In 
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contrast, under maximum power point and short circuit condition, carriers exit the device 
as photo-generated current and there is no build-up of carriers and therefore phase 
segregation is not promoted. 
3.3. Effect of Electrical Bias in the Dark on Phase Segregation 
To isolate the effect of light and electrical bias on the phase segregation observed in 
the perovskite absorber in the cell structure, we perform the micro-PL scanning 
measurement after the cells are biased at different voltages under dark conditions for 12 
hours. Electrical bias has been reported to cause degradation in the performance of 
perovskite solar cells due to the accumulation of charged defects at the contact areas 29. 
Under electrical bias, the migration of MA+ cations was observed in perovskite lateral 
devices and proposed as the mechanism of the switchable photovoltage effect 30. 
However, the question of whether electrical bias can produce such large spectroscopic 
changes as observed under illumination in high bandgap perovskites remains open. This 
is especially important because red LEDs using MAPbBr2I have been demonstrated but 
the stability of the devices has not been reported 31.  
We show that, similar to the case when the cell operates under light at open circuit 
voltage, phase segregation happens inside the active area when the cell is forward biased 
at 1.2 V (higher than VOC of the cell) in the dark for 12 hours. This is illustrated by the 
shift in the PL peak to ~ 780 nm in Figure 7a. The region outside of the active area is 
unaffected by the electrical bias on the cell. When the cell is reverse biased at bias at -1 
V (Figure 7b) or short circuited, we do not observe a significant shift in the emission peak 
of perovskite material either inside or outside of the active area. 
Perovskite solar cells have been shown to operate as a p-i-n device with high 
electronic quality –i- layer 32. The carrier concentration within the perovskite layer 
depends exponentially on the applied voltage as per the following formula: 
𝑛𝑛 ~ 𝑛𝑛0 ∗ 𝑒𝑒
𝑞𝑞𝑞𝑞
𝑘𝑘𝑘𝑘 
Where n0 is the intrinsic carrier concentration, q is electric charge, k is the Boltzmann 
constant, T is temperature and V is the bias voltage. We therefore propose that the 
observed phase segregation under electrical bias occurs by the electron-phonon coupling 
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theory suggested previously 9. Under forward bias higher than the built-in potential, 
carriers within the perovskite layer are abundant and these charges deform the 
surrounding lattice and generate sufficient lattice strain to promote phase segregation. 
Our results demonstrate that photo-excitation is not needed in this process. 
 
Figure 7. Micro-PL scan images showing the peak position of the perovskite material 
after the cell was biased at 1.2 V (a) and -1 V (b) in the dark. 
4. CONCLUSION 
In conclusion, we show light-induced phase segregation in quadruple cation 1.73 eV 
bandgap perovskite films after 12 hours under one Sun and incomplete recovery after 12 
hours in dark. Importantly, the phase segregation in the active layer of the cell structure 
depends on the operating conditions of the cell. In particular, the phenomena is negligible 
under maximum power point conditions and it is severe under open circuit conditions. As 
a result, perovskite cells with 1.73 eV bandgap retain 94% of the original efficiency after 
12 hours operating at the maximum power point conditions, while the cells retain only 
82% after 12 hours operating at the open circuit conditions. Additionally we show that 
phase segregation can be induced by electrical excitation under dark. The study gives 
more insight into light-induced phase segregation in the optimized 1.7 – 1.8 eV bandgap 
perovskite and demonstrates the potential of utilizing this material in a tandem structure. 
Supporting Information 
Figure S1. XRD of MAPbI2Br film before and after being exposed for 12 hours under 
light. 
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Figure S2. Micro-PL scan of fresh and exposed films. 
Figure S3. Micro-PL scan of fresh film showing spatial distribution of the intensity 
of PL peaks. 
Figure S4. Parameters of cell monitored at open circuit condition for 12 hours. 
Figure S5. Reflectance and absorption of fresh cell and exposed cell. 
Figure S6. Micro-PL scan of cell operating at short circuit condition for 12 hours. 
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CHAPTER 7 
 
Summary and Future Work 
 
n summary, this thesis has been devoted to the development of state-of-the-art four-terminal 
mechanically stacked perovskite-silicon tandem systems. As shown in Figure 7.1, the first 
four-terminal mechanically stacked perovskite-silicon tandem was reported in 2014 with an 
efficiency of 13.4%. In this thesis, the efficiency of the four-terminal mechanically stacked 
perovskite-silicon tandem is increased to 26.4%, which is the highest efficiency reported to date 
in this tandem configuration. The efficiency is well beyond the values of the highest two-terminal 
monolithic perovskite-silicon tandem (23.6%) and the most efficient single junction perovskite 
cell (22.1%). The work contributing to this rapid efficiency evolution is summarized below. 
 
7.1 Summary 
I 
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Figure 7.1: The efficiency evolution of the single junction perovskite solar cells [1], four-terminal 
mechanically stacked [2-9], and two-terminal monolithic perovskite-silicon tandem [8, 10-13]. 
Data points with labels highlighted in bold and italic are certified results. 
7.1.1 Develop low parasitic absorption and efficient semi-transparent 
perovskite cell and reduce optical losses in four-terminal mechanically 
stacked perovskite-silicon tandems 
Optical losses in the four-terminal mechanically stacked perovskite-silicon tandems come 
from parasitic absorption in the semi-transparent perovskite top cell and reflectance losses from 
the perovskite cell and between the two sub-cells. To achieve high performance four-terminal 
mechanically stacked perovskite-silicon tandems, the semi-transparent perovskite top cell needs 
to be re-designed to minimize those optical losses while its efficiency needs to be maintained. 
Two transparent contacts are required for the operation of the semi-transparent perovskite cell, 
and those transparent contacts cause significant electrical power losses for the perovskite cells 
and optical power losses for the whole tandem system. The detailed power loss calculation of the 
perovskite-silicon tandem performance caused by the front and rear transparent contacts has 
revealed the critical need for balancing transparency and sheet resistance of the two transparent 
contacts. At the front side, the commonly-used commercial substrate is replaced by a quart 
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glass/sputtered ITO. At the rear side, the layer stack of MoOx/sputtered ITO/metal grids is used. 
Radio Frequency (RF) sputtering is used to deposit both the front and rear ITO layers, and the 
parameters such as RF power, deposition time and chamber pressure are optimized separately for 
each side. It is found that the use of metal grids at the rear side greatly reduces the electrical power 
loss for the perovskite top cell and maintains the low optical loss for the silicon bottom cell. Fine 
metal grids with a width as small as 30 µm can be obtained by electron beam evaporation through 
a shadow mask. The new design of the semi-transparent cell has resulted in less than 12% parasitic 
absorption in the top cell in the long wavelength region. 
Optical loss due to reflectance is reduced using a textured foil AR coating at the glass side 
and a thin MgF2 layer at the rear side of the top cell. The MgF2 at the rear side is designed with 
the thickness of 180 nm to reduce the reflectance in the long wavelength region, while the textured 
foil at the glass side uniformly reduces the reflectance across the whole spectrum. A silicone layer 
is used as an optical coupling layer between the two sub-cells to further reduce the reflectance 
loss. As a result, the reflectance of the tandem system is reduced to less than 5% in most parts of 
the spectrum. 
After reducing the parasitic absorption and reflectance, the average transparency of the semi-
transparent perovskite cell in the long wavelength region is boosted to ~ 84% and the peak 
transparency is up to 86%, which is the highest value reported in the literature. The very low 
parasitic absorption of the semi-transparent perovskite cells allows its opaque version to operate 
efficiently in a filterless spectrum splitting system. In this tandem configuration, the perovskite 
cell absorbs short wavelength light to generate photo-current and reflects long wavelength light 
to the silicon cell. This configuration avoids the need for a sophisticated spectrum splitter. An 
outstanding long wavelength reflectance of more than 90% from the perovskite cell enables more 
than 23% tandem efficiency, which is higher than the efficiency of 22.4% from the silicon sub-
cell. 
The angular response of perovskite cells is studied to further evaluate the potential of the 
cells in different tandem configurations. It is found that the total reflectance of the perovskite cell 
is almost independent of incident angle θi and the normalized short circuit current of the cell 
follows closely the cos 𝜃𝜃𝑖𝑖 reduction up to an angle of 70Ο. This excellent angular response is 
achieved without an AR coating and adds to great advantages of the perovskite solar cell to 
function as the top cell in any tandem configuration. 
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7.1.2 Improve the performance and stability of perovskite solar cells with 
Rb-doping 
The performance of perovskite solar cells can be improved by replacing the commonly used 
perovskite composition MAPbI3 with the mixed-cation mixed-halide perovskite composition 
FA0.83MA0.17Pb(I0.83Br0.17)3. However, a non-perovskite yellow phase is normally found in the 
mixed perovskite, which limits the attainable efficiency of the devices. Doping of Rb into this 
mixed perovskite composition is expected to enhance the device performance since it allows 
tuning of the Goldschmidt tolerance factor to stabilize the perovskite structure. The effect of Rb-
doping is studied under different excess PbI2 concentrations in the perovskite precursor. It is found 
that Rb-doping suppresses the formation of the non-perovskite yellow phase and enhances the 
crystallinity of the perovskite films. It also reduces recombination in the bulk of the material and 
improves the charge extraction at the electron transport layer TiO2. As the result, a champion 
perovskite cell with an efficiency of 18.8% has been achieved at an optimal condition of 5% Rb-
doping and 15% excess PbI2. However, excessive Rb-doping of more than 10% causes the 
formation of Rb-rich phase due to the significant lattice mismatch between the Rb and FA/MA 
cations. This Rb-rich phase is detrimental to the cell performance and should be avoided. 
The Rb-doping also enhances the thermal stability of perovskite films. Rb-doped perovskite 
films show less degradation under thermal stress (135 οC for 6 hours) compared to un-doped films. 
At the cell level, Rb-doped perovskite cells show better light and moisture stability compared to 
un-doped cells. The enhancement of both the performance and stability of the perovskite cell upon 
Rb-doping is promising for the commercialization of perovskite solar cells. 
7.1.3 Optimize the bandgap of perovskite solar cell with quadruple-cation 
mixed-halide perovskites 
To further improve the efficiency of perovskite–silicon tandem systems, the bandgap of the 
perovskite top cell is optimized at 1.7 eV – 1.8 eV. At first, a triple-cation perovskite composition 
FAy(MA1-xCsx)1-yPbI2Br with the bandgap of 1.73 eV is optimized. It is found that the molar ratio 
between FA, MA and Cs cations is critical in determining the performance of triple cation 
perovskite cells. The optimal condition for this composition is FA0.75MA0.15Cs0.1PbI2Br, which 
results in a champion efficiency of 16.4%; however, the cell shows significant hysteresis effect. 
Doping of 5% Rb into this optimal composition improves the crystallinity and suppresses defects 
in the perovskite films. As a result, the quadruple cation composition 
Rb0.05(FA0.75MA0.15Cs0.1)0.95PbI2Br enables a champion efficiency of 17.4% and negligible 
hysteresis. This composition also enables the fabrication of semi-transparent cells with steady 
state efficiencies up to 16%. Combine with a 23.9% IBC silicon cell, an efficiency of 26.4% is 
achieved with a four-terminal mechanically stacked perovskite-silicon tandem. 
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The light stability of the optimized bandgap perovskite cell is also improved with the 
quadruple cation perovskite. The cell retains up to 94% of the original performance after operating 
at the maximum power point under illumination for 12 hours. Although light-induced phase 
segregation is still observed on perovskite films of this composition, the phenomenon is found to 
be dependent on the operating condition of the cell. In particular, light-induced phase segregation 
in the active layer of the cell is negligible when the cell operates under maximum power point 
and short circuit conditions. In contrast, the phenomenon is severe at the open circuit condition. 
That explains why the cell can operate stably under light at the maximum power point while the 
performance degrades significantly when the cell operates at the open circuit condition. 
Furthermore, phase segregation is also observed when the cell is kept in the dark with a forward 
bias voltage higher than the open circuit voltage, which indicates that photo-excitation is not 
needed for the phase segregation process. 
Future work will focus on developing complete and practical perovskite-silicon tandem 
modules with high efficiency and stability passing the damp heat test as described in the 
International Electrotechnical Committee (IEC)-61646 standards for thin film terrestrial 
photovoltaic modules. These are critical steps to prove the commercial potential of the 
technology. Three main objectives for the future work are described as below. 
7.2.1 Enhance the thermal and moisture stability of semi-transparent 
perovskite solar cells 
As shown in several reports, the thermal stability of the perovskite solar cells depends greatly 
on the hole transport layer being employed in the cell structure [14, 15]. Under heat, organic hole 
transport layer materials such as Spiro-MeOTAD act as a poor barrier for the migration of metal 
ions from the metal contact to the perovskite active layer. Therefore, more stable inorganic hole 
transport materials such as NiOx and CuI will be explored to improve the thermal stability of 
perovskite cells. This will also enhance the moisture stability of the cells. 
7.2.2 Scale up semi-transparent perovskite solar cells 
The semi-transparent perovskite cells need to be scaled up to the comparable size to the 
silicon cells. Two main challenges arise in scaling up of semi-transparent perovskite cells: 
reduced charge collection efficiency due to limited conductivity of the TCOs at both the front and 
rear sides and fabrication of uniform large-area perovskite films.  
7.2 Future work 
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For the first problem, metal grids between the module glass and the front TCO will be 
employed to reduce the effective sheet resistance of the front TCO (Figure 7.2a). The method can 
result in simpler fabrication processes and higher module geometrical fill factor compared to the 
commonly used series-interconnection strategy. Moreover, covering of the metal grids by a TCO 
layer will prevent the reaction between the metal and perovskite to form metal halide. Different 
metals will be evaluated based on the surface wetting, contact resistance with the TCO, and 
process compatibility with perovskite cells. Optimization of the front and rear TCO sheet 
resistance and transparency, and the front and rear metal grid layout will be performed to balance 
the optical and electrical losses in the semi-transparent perovskite cell. The location of the metal 
grids at the front and rear sides will be matched to minimise shading losses.  
For the second problem, a modified vacuum flash method will be applied to induce fast 
crystallisation of perovskite materials and produce uniform large area films. The method 
combines both immediate vacuum pumping and N2 gas flow to produce uniform large area 
perovskite films. While vacuum pumping has been utilised by the industry to scale up single 
junction perovskite solar modules [16], the addition of N2 gas flow will lessen the rigid 
requirement for high vacuum and speed up the deposition process. A mixture of solvents with 
different boiling points and coordinating properties for the perovskite precursor will be used to 
control the evaporation, convective self-assembly and crystallisation process during and after 
spinning to obtain high quality large-area perovskite films. 
Various characterisation methods including photoluminescence and electroluminescence 
imaging will be applied to investigate uniformity of perovskite films and the local series resistance 
of perovskite cells. The results will be fed back to the process development for continuous 
improvement. 
7.2.3 Encapsulate perovskite-silicon tandem modules 
The perovskite-silicon tandem modules need to be encapsulated to prevent detrimental 
effects from the environment. As shown in Figure 7.2b, different types of encapsulants including 
ethylene vinyl acetate (EVA), ionomer and silicone will be tested to protect the module between 
two glass substrates. The edges of the module will be sealed with a desiccant-filled polyisobutyl 
(PIB) and the level of moisture ingress through the edge seal perimeter will be monitored by a 
humidity sensor embedded inside the package so that correlation can be made between the cell 
performance and humidity level inside. The performance of several modules will be tested under 
damp heat 85 oC / 85% relative humidity condition for 1000 hours as described in the IEC-61646. 
Delamination of glass modules and encapsulants will be verified by visual inspection and 
reflectometer. Delamination within the active layers and TCOs of the semi-transparent perovskite 
cell will be checked by cross-sectional SEM imaging. 
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Upon the success of the damp heat test, several modules will be tested under thermal cycling 
between -40 oC and 85 οC (200 cycles) with different humidity levels. Relevant failure modes 
especially the bus bar electrical joints within the modules will be examined. Outdoor exposure 
(60 kWh/m2) will be performed to provide a preliminary assessment of the outdoor performance 
of the tandem modules. 
 
Figure 7.2: (a) Cross-section view of large area semi-transparent perovskite cells. (b) 
Encapsulation of perovskite-silicon tandem modules. 
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Appendix 
The appendix contains the supporting documents from five manuscripts presented in the body of 
the thesis. 
Supporting Document: Semi-transparent perovskite cell with sputtered front and rear electrodes for 
four-terminal tandem 
The Duong, Niraj Lal, Dale Grant, Daniel Jacobs,  Peiting Zheng, Shakir Rahman, Heping Shen, Matthew Stocks, 
Andrew Blakers, Klaus Weber, Thomas P. White, and Kylie R. Catchpole 
 
Experiments 
Perovskite cell fabrication 
Materials 
Methylammonium iodide and mesoporous TiO2 18NR-T paste were purchased from Dyesol, Spiro–MeOTAD was 
purchased from Luminescence Technology, MoOx power was purchased from Alfa Aesar, and other materials were 
purchased from Sigma Aldrich.  
 
Procedure 
Glass substrates were cleaned with Detergent, Acetone, and Ethanol in an ultrasonic bath for 15 minutes each, followed 
by 30 minutes in oxygen Plasma. ITO was sputtered on glass substrates using ATC 2400-V Sputtering System, AJA 
International Inc. with the RF power of 90W, chamber pressure of 1.5mTorr and duration of 3600s at room temperature. 
The substrates were then annealed at 500oC in air for 2 hours.  The substrates were patterned using laser cutting to form 
isolation lines for front and rear contacts. Approximately 50nm of cp-TiO2 is deposited on the substrate using atomic 
layer deposition (ALD) from a TiCl4 precursor source. The substrates are then cut into a smaller size of 1.4cm  1cm. 
Mesoporous TiO2 solution with commercial Dyesol 18NR-T paste in ethanol with the weight ratio of 2:12 is spin coated 
on the substrates at 5500 rpm for 60 s and then annealed at 500oC in air for 1 hour. 0.9M equimolar of Methylammonium 
Iodide and Lead Iodide was mixed in 7/3 (v/v) of N,N-Dimethylformamide and Dimethyl Sulfoxide. The solution was 
spin coated on the substrate at 5000 rpm for 60s in a N2 environment. 10s after the spin coating commences, 
Chlorobenzene was dropped on the substrate to induce fast crystallization [1]. The substrate was then annealed on a 
hotplate at 105oC for 10 minutes. Spiro – MeOTAD solution was prepared following the procedure in other reports and 
spin-coated on the substrate at 3000 rpm for 30s. 10nm of MoOx was deposited onto the Spiro-MeOTAD layer using 
thermal evaporation under a chamber vacuum of 2x10-6 Torr [2]. ITO was then sputtered on the substrate using the same 
sputter system as above at RF power of 30W, chamber pressure of 1.5mTorr and duration of 3600s. Au metal grid was 
deposited on the rear ITO contact using Electron Beam evaporation at the rate of 2 Angstrom/s. Finally, anti-reflection 
coatings consisting of 110nm and 180nm of MgF2 respectively were deposited on the front and rear of the cell by thermal 
evaporation. 
Optical modelling 
Optical modelling of the semi-transparent perovskite cell was performed using EMUstack, an open-source, simulation 
package that utilizes a combination of scattering matrices and FEM to calculate light propagation through multi-layered 
structures [3].The optical model utilized refractive index data from both in-house measurements (Figure S12 – S15) and 
from tabulated literature [4]; where the measured data was obtained via ellipsometry. As reliable data for sub-bandgap 
absorption in perovskite (MAPbI3) is difficult to obtain from the literature, the dispersion data was extended using an 
Urbach Tail approximation, where the Urbach energy was determined by fitting to experimental R and T data [5]-[6]. As 
a result, any perovskite absorption for wavelengths beyond the bandgap λ>800nm was considered parasitic and any 
absorption for wavelengths below the bandgap as contributing to current generation in the perovskite cell. The 
mesoporous TiO2/Perovskite layer was approximated with a mesoporous Bruggemann Effective Medium Approximation, 
where the absorption within the mesoporous layer is attributed to the perovskite layer [7]. 
 
Characterization 
Transmittance measurement 
The transmittance/reflectance of the semi-transparent perovskite cell was measured using a Lambda 1050 
spectrophotometer (Perkin Elmer) in the integrating sphere mode. 
Sheet resistance measurement 
The sheet resistance is measured using Transmission Line Method (TLM) method with four-point probe setup and 
Keithley source meter 2425. 
Film thickness measurement 
The film thickness is measured using Dektak profilometer. 
Ellipsometry measurement 
The ellipsometry measurement was performed using the JA Woollam M2000D ellipsometer in variable angle mode.  
J-V measurement 
The current – voltage characteristic of the cell was performed using the Solar Simulator model #SS150 with Keithley 
source meter 2425. The perovskite cell was under light and open circuit condition prior to the measurement. Opaque mask 
with aperture size of 0.16 cm2 was applied during the measurement. The silicon cell was measured with mask aperture 
size of 4 cm2. 
QE measurement 
The QE measurement of the silicon cells was performed using the Protoflex QE 1400 without light bias. Perovskite cell 
was placed on top of silicon cell with the glass side facing the beam. 
SEM surface and cross-sectional images 
The SEM surface images were taken with the Zeiss UltraPlus FESEM system. The SEM cross-sectional images were 
taken with the Helios Nanolab 600 FIB system. 
 
Equation for Detailed calculation of the power losses of a tandem cell with transparent 
contacts 
The electrical and optical power losses of a tandem cell transparent contact are calculated with three components: 
Δ𝑃𝑃 = 𝑃𝑃𝑅𝑅,𝑝𝑝 + 𝑃𝑃𝑇𝑇,𝑝𝑝 + 𝑃𝑃𝑇𝑇,𝑆𝑆𝑆𝑆 
Here, PR,p is the resistive power loss calculated based on Ohm’s law.1 PT,p is the power-loss fraction due to reduced 
transparency to the perovskite cell and PT,Si is the power-loss fraction due to the reduced transparency to the silicon cell. 
 
From symmetry we consider only the half-cell, L x L/2 in area as illustrated in Figure S1. For the top contact, the power 
loss due to reduced transparency (T) affects both perovskite and silicon cells, and is expressed as: 
 
PT,p = (1 − 𝑇𝑇) ×  𝐽𝐽𝑠𝑠𝑠𝑠,𝑝𝑝 × 𝑉𝑉𝑜𝑜𝑠𝑠,𝑝𝑝 × 𝐹𝐹𝐹𝐹𝑝𝑝 ×
𝐿𝐿2
2
 
PT,Si = (1 − 𝑇𝑇) × 𝐽𝐽𝑠𝑠𝑠𝑠,𝑆𝑆𝑆𝑆 × 𝑉𝑉𝑜𝑜𝑠𝑠,𝑆𝑆𝑆𝑆 × 𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆 ×
𝐿𝐿2
2
 
The resistive power loss for the plain TCO front contact is calculated by integrating  dP1 =  𝐼𝐼2𝑑𝑑𝑑𝑑 = (𝐽𝐽𝐽𝐽𝐿𝐿)2
𝑅𝑅𝑠𝑠ℎ
𝐿𝐿
𝑑𝑑𝐽𝐽 
 
 
 
along the length of the half-cell, giving:  
L 
Fig. S1.  Resistive power loss schematic for the front TCO contact
L 
PR,p =  
𝐽𝐽𝑚𝑚𝑚𝑚,𝑚𝑚
2 𝐿𝐿4𝑅𝑅𝑠𝑠ℎ
24
, 
where Jmp,p is the maximum power point current density in the perovskite cell. 
For the rear TCO-grid transparent contact, only the silicon cell is affected by reduced transparency and the resistive power 
loss  has two components, resistance (dP1) through the TCO to the metal fingers spaced p(m) apart, and resistance along 
(dP2) the metal fingers to the edge contacts (spaced L apart), as illustrated in Figure S2. 
 
 
 
 
 
Here we assume lateral charge collection through the TCO to the finger followed by conduction along the finger and TCO to the 
edge busbars:  
PRfingers =
1
𝑃𝑃𝑚𝑚0
(
𝐽𝐽𝑚𝑚𝑚𝑚,𝑚𝑚
2 𝐿𝐿2𝑝𝑝2𝑅𝑅𝑠𝑠ℎ
24
+  
𝐽𝐽𝑚𝑚𝑚𝑚,𝑚𝑚
2 𝑝𝑝𝐿𝐿4
24𝑤𝑤
(
𝑅𝑅𝑓𝑓𝑅𝑅𝑠𝑠ℎ
𝑅𝑅𝑓𝑓 + 𝑅𝑅𝑠𝑠ℎ
)) 
 
The black dots in Figure 1b of the paper correspond to the effective sheet resistance (𝑅𝑅′𝑠𝑠ℎ) and transparency of the TCO-
grid contact.   The effective sheet resistance of the TCO-grid contact is calculated by finding the equivalent sheet 
resistance of a plain TCO layer that gives the same resistive power loss. 
That is, we set the power loss of TCO-grid contacts (PRfingers, as above) to the power loss of a plain TCO layer with 
effective sheet resistance 𝑅𝑅′𝑠𝑠ℎ:   PR,p =  
𝐽𝐽𝑚𝑚𝑚𝑚,𝑚𝑚
2 𝐿𝐿4𝑅𝑅′𝑠𝑠ℎ
24
, and solve for 𝑅𝑅′𝑠𝑠ℎ , giving:  
𝑅𝑅′𝑠𝑠ℎ =
𝑝𝑝2
𝐿𝐿2
𝑅𝑅𝑠𝑠ℎ + 
𝑝𝑝
𝑤𝑤
(
𝑅𝑅𝑓𝑓𝑅𝑅𝑠𝑠ℎ
𝑅𝑅𝑓𝑓 + 𝑅𝑅𝑠𝑠ℎ
) 
 
In this expression 𝑅𝑅𝑠𝑠ℎ is the sheet resistance of the plain TCO (before fingers are added) and  𝑅𝑅𝑓𝑓 , 𝑝𝑝,  and 𝑤𝑤  are the sheet 
resistance (0.22 Ω/□  ), pitch (1mm) and width (25µm) of the gold fingers respectively.  
 
The reduced transparency of the TCO-grid contact is calculated assuming a flat shading of S = 3.5% (35µm width, pitch=1mm). 
That is: T =  1 – (AITO  +  S − S × AITO)), where A is the measured solar-weighted absorption of the ITO film. 
 
 
 
 
 
 
Fig. S2.  Resistive power loss schematic for the rear TCO-grid contact 
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Fig. S3.  XRD result of as-deposited and annealed ITO substrate on glass 
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Fig. S4.  AFM images of (a) Sputtered ITO before annealing (b) Sputtered ITO after annealing (c) Commercial ITO (d) Commercial 
FTO  
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Fig. S5.  (a) Transmission of different glass types (b) Transmittance of commercial FTO, commercial ITO substrates and sputtered ITO films on 
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Fig. S6.  Optimal wire pitch calculation for the rear transparent contact 
 (a) 
Fig. S7.  (a) Damage of Spiro-MeOTAD layer with RF power of 60W during sputtering. (b) Comparison of semi-transparent cell with RF 
power of 60W and 30W for ITO sputtering at the rear side 
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Fig. S8.  Steady state current and power output monitoring of semi-transparent cell at the maximum power point 
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   Fig. S9.  Fitting of Absorption/Reflectance/Transmittance data from the optical model to the experimental data 
 
 
 
 
 
 
 
 
 
   Fig. S9.  Fitting of Absorption/Reflectance/Transmittance data from the optical model to the experimental data 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Jsc (mA/cm2) 
Voc 
(V) FF 
Efficiency 
(%) 
IBC – not filtered 41.6 0.70 0.80 23.3 
IBC - filtered 17.2 0.67 0.79 9.2 
Fig. S10.  J-V measurement of IBC cell with and without perovskite filter 
0.0 0.2 0.4 0.6
-40
-20
0
C
ur
re
nt
 D
en
si
ty
 (m
A/
cm
2 )
Voltage (V)
 IBC - not filtered
 IBC - filtered
 
Fig. S11.  Full picture of current loss analysis breakdown. 
 
Fig. S12.  n-k value of annealed ITO developed in this work, which is applied as the front contact. 
 Fig. S13.  n-k value of non-annealed ITO developed in this work, which is applied as the back contact 
  
  
Fig. S14.  n-k value of the compact TiO2 by ALD 
 
Fig. S15.  n-k value of the MoOx layer 
 
Supporting Document: Filterless spectral splitting perovskite-silicon tandem 
system with >23% calculated efficiency 
 
The Duong, Dale Grant, Shakir Rahman, Andrew Blakers, Klaus J. Weber, Kylie R. 
Catchpole and Thomas P. White 
 
Measurement setup for angular response study of perovskite solar cell 
The sample is placed on an in-house jig, which electrically connects the cell to a 
Keithley source meter.  The jig is also connected to a Peltier temperature controller, which 
keeps the cell temperature at 25°C during measurement. The sample can be rotated 
manually to vary the incident angle of the light coming from the solar simulator. A 
reference cell is placed near to the sample, and connected to a second Keithley source 
meter. The reference is illuminated at normal incidence and is not rotated during the 
measurement. A computer is connected to both Keithley source meters, and 
simultaneously controls both meters during the measurements. The solar simulator model 
used in this experiment is SS150 from Photoemission Technology, which is equipped 
with an optical lens to produce uniform and collimated light over the testing area. The 
cell was not encapsulated and was exposed to the ambient environment during the 
measurement. An opaque mask of size 15mm x 15mm with the aperture size of 7mm × 
7mm was placed on top of the cell during the measurement. The mask was larger than the 
size of the cell substrate (14mm × 10mm) to prevent the light leaking into the active area 
from the edges of the glass substrate, which can potentially cause a significant 
overestimation of the current. The short circuit current of the perovskite solar cell is 
monitored at 0V bias voltage to eliminate the impact of the well-known hysteresis effect. 
Before the current monitoring, the perovskite cell is held under open circuit voltage and 
at one Sun light bias condition. As shown in Fig. S2, the short circuit current of the 
Fig. S1. Measurement setup for angular dependence study of perovskite solar cell. 
perovskite cell reaches steady state about 3s after the cell is short-circuited. The response 
time of 3s is considered a quick response, typical of hysteresis-free devices. The light 
intensity variation is less than 1% during the measurement as indicated by the small 
fluctuation of the current of the reference cell. The short circuit current of the perovskite 
cell is corrected in real time with the reference cell to exclude the effect of light intensity 
variation 
The open circuit voltage of the cell is monitored with a multimeter. The sample is 
pre-conditioned in the dark and the VOC takes about 3-5s to reach the stable value after 
the light is turned on. 
Optical modelling of perovskite solar cell 
Optical modelling of the perovskite cell was performed using EMUstack, an open-
source, simulation package that utilizes a combination of scattering matrices and FEM to 
calculate light propagation through multi-layered structures. The light is then propagated 
through the entire structure to determine the energy flux within each layer through the 
use of a field expansion. By taking into account both the upward and downward 
propagating flux within each layer, the absorption for that layer can be determined at a 
single wavelength. This is then repeated for multiple wavelengths to calculate the spectral 
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Fig. S2. Short circuit current monitored of the perovskite cell. The inset shows the 
light intensity variation of the solar simulator during the measurement. 
absorption within each layer. The generated current is then calculated by integrating the 
absorption spectrum with AM1.5 solar irradiance. 
The optical model utilized refractive index data from both in-house ellipsometry 
measurements (ITO in Fig. S1 and TiO2 in Fig. S2) and from data obtained from the 
literature (Perovskite[1] ,Spiro-MeOTAD [2]). As reliable data for sub-bandgap 
absorption in perovskite (MAPbI3) is difficult to obtain from the literature, the dispersion 
data was extended using an Urbach Tail approximation, where the Urbach energy 
(20meV) was determined by fitting to experimental R and T data. As a result, any 
perovskite absorption for wavelengths beyond the bandgap (λ>800nm) was considered 
parasitic and any absorption for wavelengths below the bandgap was taken to contribute 
to current generation in the perovskite cell. The mesoporous TiO2/Perovskite layer was 
approximated with a mesoporous Bruggemann Effective Medium Approximation 
(EMA), where the absorption within the mesoporous layer is attributed to the perovskite 
layer. To improve the fit to the experimental data, an additional EMA of TiO2 and Air 
was introduced between the c-TiO2 layer and the mesoporous TiO2/Perovskite layer. This 
additional layer represents an unfilled region of the TiO2 mesoporous scaffold that was 
not penetrated by the perovskite during the spin-coating process.  
The fitting procedure was performed at an angle of incidence of 8 degrees to replicate 
the slight offset required by the spectrophotometer during the measurement of the 
reflectance spectra. The best fit achieved using a local optimizer to fit the layer 
thicknesses (except for glass and gold layers, which were kept constant at 1.5 mm and 
100 nm, respectively) for the studied perovskite cell structure was: 
 
 
 
 
 
 
 
 
 
 
 
Perovskite 
Structure Layer 
Layer Thickness 
(without 
TiO2/Air layer) 
(nm) 
Layer Thickness 
(with TiO2/Air 
layer) (nm) 
Independently 
measured 
thickness by 
SEM (nm) 
ITO 96 85 95 
cp-TiO2 54 56 50 
TiO2/Air 
Mesoporous Layer 
(FF = 0.3:0.7) 
0 (set to zero) 4 N/A 
TiO2/Perovskite 
Mesoporous Layer  
(FF = 0.3:0.7) 
208 202 180 
Perovskite Capping 
Layer 
158 155 160 
Spiro-OMeTAD 123 131 200 
 
 
From the table above, it can be seen that the introduction of the TiO2/Air mesoporous 
layer did not have a significant impact on the best fit of the layer thicknesses for the 
perovskite cell, where the largest change is 11 nm (ITO layer) for a very thin TiO2/Air 
EMA layer of 4 nm thickness; well within the experimental uncertainty.  
At first glance, the layer thickness adjustment introduced by this EMA layer may 
appear insubstantial, however the quality of the fit to the reflectance of the cell was 
significantly improved for energies above the bandgap. This can be seen in Fig. S5, where 
the introduction of the TiO2/Air EMA layer allows for the replication of the reflectance 
features between 550 and 800 nm, while the fit without the TiO2/Air EMA layer ignores 
these features. This is a result of the index contrast between the TiO2/Air EMA layer and 
the surrounding cp-TiO2 and the TiO2/Perovskite EMA Layer which results in more 
resonance reflectance features for wavelengths below 800 nm as these layers occur before 
the strongly absorbing perovskite-based layers. 
Table S1. Fitting of the thicknesses of all the layers in the perovskite solar cell with 
and without TiO2/Air EMA layer. 
  
Fig. S3. The refractive index of ITO obtained from the ellipsometry 
measurement. 
Fig. S4. The refractive index of compact-TiO2 obtained from the 
ellipsometry measurement. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S5. Fitting of the total reflection of the perovskite cell at 8o. 
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Fig. S6. (a) Comparison between the specular reflection and diffuse reflections of 
perovskite cell at 45o with different Spiro-MeOTAD thickness. (b) Comparison 
between the EQE of silicon cell with no perovskite cell filter, and with perovskite 
cell filters with different Spiro-MeOTAD thickness. 
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Figure S1: XRD of FTO/cp-TiO2/ms-TiO2 substrates, RbI film deposited on the substrate, and 
perovskite film with 0% PbI2 and varying amount of RbI. It is showing that the RbI peaks do not 
emerge on the perovskite film with 0% PbI2 and 5% or 10% RbI. 
 
 Figure S2: XRD of orthorhombic RbPbI3 film on FTO/cp-TiO2/ms-TiO2 substrates. 
 
 
 
Figure S3: XRD of perovskite films with 15% of excess PbI2 and varying amount of RbI doping 
concentration. The ρ-phase can be clearly detected on the sample with 15% RbI and 20% RbI doping. 
 
 
Peak position 0% RbI 5% RbI 10% RbI  
0% PbI2 13.89 13.88 13.88  
5%  PbI2 13.90 13.90 13.89  
10%  PbI2 13.91 13.91 13.90  
15%  PbI2 13.91 13.90 13.90  
20%  PbI2 13.91 13.89 13.90 
 
 
FWHM 0% RbI 5% RbI 10% RbI  
0% PbI2 0.45099 0.4144 0.39535  
5%  PbI2 0.42628 0.41773 0.41168  
10%  PbI2 0.42066 0.40191 0.40655  
15%  PbI2 0.39610 0.39311 0.39195  
20%  PbI2 0.39925 0.39157 0.38776 
 
Table S1: Trend of peak position and FWHM fitted from the main XRD peaks of perovskite films 
deposited on Glass/FTO/cp-TiO2/ms-TiO2 substrates with different amounts of excess PbI2 and RbI 
doping. The resolution of the XRD measurement is 0.005ο which guarantees the measurement error of 
less than 0.01ο, so the trend observed here is reliable. 
 
 
 
 
 
 
 
 
  
Figure S4: SEM picture of PbI2 film and the acquired CL spectrum. 
 
  
Figure S5: SEM and CL images with long-pass filter 605 nm of perovskite films on Glass/FTO/cp-
TiO2/ms-TiO2 substrates with different amounts of excess PbI2 and RbI doping. 
0% PbI2: First row – 0% RbI; Second row – 5% RbI; Third row – 10% RbI 
Left – SEM images; Middle – 505-575 nm band pass CL images; Right – 605nm long pass CL images 
 
 
 
  
5% PbI2: First row – 0% RbI; Second row – 5% RbI; Third row – 10% RbI 
Left – SEM images; Middle – 505-575 nm band pass CL images; Right – 605nm long pass CL images 
 
 
 
 
  
10% PbI2: First row – 0% RbI; Second row – 5% RbI; Third row – 10% RbI 
Left – SEM images; Middle –505-575 nm band pass CL images; Right – 605nm long pass CL images 
 
 
 
 
  
20% PbI2: First row – 0% RbI; Second row – 5% RbI; Third row – 10% RbI 
Left – SEM images; Middle –505-575 nm band pass CL images; Right – 605nm long pass CL images 
 
 
 
 
 
 
 
 
 
 
 
Figure S6: 15% PbI2 and 15% RbI or 20% RbI doping 
First row – 15% RbI; Second row – 20% RbI 
Left – SEM images; Middle – 505-575 nm band pass CL images; Right – 605nm long pass CL images 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure S7: EDX with line scan to detect the Rb-rich phase in the bright spot. 
 
 
 
 
 
 Figure S8: Absorbance and steady state photoluminescence spectrum. 
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Figure S9: Absorbance spectrum of RbPbI3 and PbI2. 
 
Figure S10: EQE spectrum of perovskite cells with and without RbI doping. 
 
 
From perovskite side: 
  A1 T1 (ns) A2 T2 (ns) T (ns) 
 0% Rb 0.31 14.49 0.09 120.76 38.91 
 5% Rb 0.28 19.27 0.11 126.36 49.00 
 10% Rb 0.30 14.88 0.11 98.04 36.20 
 15% Rb 0.37 10.63 0.07 65.22 19.88 
 20% Rb 0.37 10.51 0.08 65.87 19.80 
 
From glass side: 
  A1 T1 (ns) A2 T2 (ns) T (ns) 
 0% Rb 0.34 8.84 0.08 72.26 20.92 
 5% Rb 0.33 4.68 0.06 61.11 13.68 
 10% Rb 0.32 7.17 0.07 81.46 21.12 
 15% Rb 0.49 1.79 0.03 28.53 3.55 
 20% Rb 0.59 1.23 0.03 21.79 2.08 
 
Table S2: Fitting results from the time-resolved PL measurement 
 
 
 VOC (V) FF 
0% RbI 0% RbI 0% RbI 0% RbI 5% RbI 10% RbI 
0% PbI2 1.082±0.037 1.076±0.021 1.044±0.015 0.563±0.006 0.630±0.002 0.610±0.03 
5% PbI2 1.026±0.025 1.076±0.026 0.995±0.023 0.493±0.046 0.602±0.025 0.570±0.042 
10% PbI2 1.074±0.031 1.070±0.013 1.067±0.001 0.573±0.035 0.631±0.019 0.640±0.014 
15% PbI2 1.099±0.032 1.106±0.013 1.071±0.012 0.577±0.015 0.644±0.02 0.611±0.021 
20% PbI2 1.080±0.002 1.108±0.010 1.041±0.013 0.547±0.012 0.6130.032 0.566±0.02 
 JSC (mA/cm2) Efficiency (%) 
0% RbI 5% RbI 10% RbI 0% RbI 5% RbI 10% RbI 
0% PbI2 22.29±0.45 21.82±0.39 21.37±0.52 13.58±0.59 14.80±0.54 13.60±0.66 
5% PbI2 22.10±0.10 22.43±0.09 20.41±0.72 11.19±1.27 14.54±0.71 11.59±1.21 
10% PbI2 22.27±0.18 22.53±0.39 22.01±0.04 13.70±0.47 15.20±0.48 15.03±0.38 
15% PbI2 21.86±0.48 22.93±0.76 21.50±0.54 13.86±0.76 16.32±0.73 14.07±0.84 
20% PbI2 21.54±0.81 22.25±0.46 21.67±0.62 12.72±0.69 15.10±0.85 12.77±0.82 
Table S3: Performance of perovskite cells with different amount of excess PbI2 and RbI doping. The 
values were obtained from forward scan J-V curves with a scan rate of 50 mV/s. 
 
 
 
 
Note 1: Step by step of making mask using the CL bandpass image and apply the mask to the SEM 
image 
Step 1: Open the Fiji ImageJ software 
 
Step 2: Open the bandpass CL images, apply Gaussian Blur filer for the image and enhance the 
contrast 
 
Step 3: Apply the Threshold with dark background to the image 
 
Step 4: Analyse the particles 
 
Step 5: Open the SEM image and superimpose the mask to the SEM image 
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Note 1. Preparation of perovskite precursor 
Step 1: Prepare four different precursors as below. For CsPbI2Br, the precursor needs to be 
heated up at 80 οC for 30 minutes. 
  
Molecular 
weight Substances 
Mol concentration 
(M) 
Weight 
(mg) 
1 ml – FAPbI2Br 
DMF:DMSO (4/1 
v/v) 
172 FAI 0.87 149.6 
125 FABr 0.43 53.8 
461 PbI2 0.957 441.2 
367 PbBr2 0.43 157.8 
1 ml - MAPbI2Br 
DMF:DMSO (4/1 
v/v) 
159 MAI 0.87 138.3 
112 MABr 0.43 48.2 
461 PbI2 0.957 441.2 
367 PbBr2 0.43 157.8 
1 ml - CsPbI2Br 
DMSO 
260 CsI 0.87 226.2 
213 CsBr 0.43 91.6 
461 PbI2 0.957 441.2 
367 PbBr2 0.43 157.8 
1 ml - RbI 
DMSO 212 RbI 1.3 275.6 
Step 2:  Mix well four different precursors with an appropriate volume ratio. The optimized 
perovskite solution reported in the main paper includes 750 µl of FAPbI2Br, 150 µl 
MAPbI2Br, 100 µl CsPbI2Br and 50 µl of RbI. 
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Figure S1. Optical microscope pictures of perovskite films FA0.75(MA(1-x)Csx)0.25PbI2Br 
deposited on Glass/FTO/cp-TiO2/ms-TiO2. The “crack” features can be observed on the film 
with x = 1, which is due to the significant lattice mismatch between FA cation and Cs cation. 
The scale bar is 50 µm. 
 
Figure S2. SEM pictures of perovskite films FA0.75(MA(1-x)Csx)0.25PbI2Br deposited on 
Glass/FTO/cp-TiO2/ms-TiO2 
 
 
 
 
 
  
3 
 
 
Figure S3. XRD patterns of perovskite films FA0.75(MA(1-x)Csx)0.25PbI2Br deposited on 
Glass/FTO/cp-TiO2/ms-TiO2 
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Figure S4. Absorbance of perovskite films FA0.75(MA(1-x)Csx)0.25PbI2Br deposited on 
Glass/FTO/cp-TiO2/ms-TiO2 substrates. The inset shows the extracted Tauc plot from the 
absorbance spectra. 
 
 
Figure S5. Time resolved photoluminescence of perovskite films FA0.75(MA(1-x)Csx)0.25PbI2Br 
deposited on Glass/FTO/cp-TiO2/ms-TiO2 substrates. “MA only” means MAPbI2Br film. 
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Figure S6. Cell performance optimization with different FA ratio while keeping the MA to Cs 
ratio fixed at 0.6/0.4.The efficiencies are extracted from reverse scanning curves. 
 
Tabel S1. Extracted lifetime of perovkite film deposted on glass substrates. The          
is calculated as below:           
         
     
 
 A
1
    (ns) A2    (ns)          (ns) 
With Rb 0.061 15.48 0.141 139.70 102.19 
Control 0.07 13.81 0.102 95.18 62.06 
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Figure S7. (a) Comparison on all the parameters of opaque perovskite cells with and without 
Rb. We note that the higher JSC from the J-V scan of the control samples compared to the 
samples with Rb are not the real trend. Because of the hysteresis from the control sample, the 
actual Jsc should be lower than the value determined from the J-V scan. 
 
Figure S8. (a) J-V scans of perovskite cell With Rb with different scan rates and in different 
scan direction (b) Steady state performance of the cell. 
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Figure S9. J-V scans of test sample with the structure FTO/Perovskite/PTAA/Au show the 
onset voltage of the reverse current in the (a) Control and (b) With Rb 
 
Figure S10. (a,b)Fast scan J-V curves (20 V/s) of perovskite cells pre-biased at different 
voltages revealed the striking response between the control sample and sample with Rb 
addition (c,d) The current monitoring at different pre-biased voltage for 200 s before doing 
the fast J-V scans. The current from control sample decreases over time while the current of 
the sample with Rb is stable over time. 
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Figure S11. (a) XRD pattern of perovskite films (b-c) J-V scans of sample with no excess 
PbI2, without and with Rb. The * indicates PbI2 phase. (d) XRD pattern of perovskite films (e-
f) J-V scans of sample with 20% excess PbI2, without and with Rb. 
 
Figure S12. Light ON/OFF measurement of perovskite cells with and without Rb 
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Figure S13. Comparison of the absorption of the home made sputtered ITO substrate with the 
commercial FTO and ITO substrates. 
  
 
Figure S14. Reflectance of semi-transparent perovskite cell with and without AR coating. 
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Figure S15. Histogram of the steady state efficiency comparison between (a) semi-
transparent cells and (b) opaques cells. 
 
 
Figure S16. Comparison of photovoltaic parameters of semi-transparent cells and opaque 
cells on the home made ITO substrates. The efficiencies were extracted from the forward J-V 
scan at 50 mV/s rate. 
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Figure S17. Steady state current and efficiency of the best semi-transparent cell at Vmpp (0.91 
V) monitored for 300s. 
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Figure S18. The EQE of the IBC silicon cell with no perovskite filter. The integrated short 
circuit current from the EQE is 41.1 mA/cm2. 
 
 
Figure S19. The photovoltaic parameters extracted from the forward J-V scans right before 
the steady state measurement in each light cycle 
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Figure S20. J-V curves of one cell with open circuit voltage of 1.2 V. For this cell, the 
compact TiO2 and mesoporous TiO2 were prepared following the procedures in our previous 
report[1]. The compact TiO2 was prepared by solution processed method from the 3% In 
doped– TiOx precursor solution, this is different from the spray pyrolysis compact TiO2 of the 
standard cells in the main paper. The mesoporous TiO2 was prepared by spin-coating the 
solution of TiO2 paste 30 NR-D in ethanol (1:12 of weight ratio) at 5000 rpm for 25 s with an 
acceleration rate of 5000 rpm/s. The thickness of this mesoporous layer is only 100 nm, which 
is much thinner than the thickness of the standard cells in the main paper (180 nm). All the 
other layers were prepared following the same procedures as mentioned in the main paper. 
 
 
 
[1] J. Peng, T. Duong, X. Zhou, H. Shen, Y. Wu, H. K. Mulmudi, Y. Wan, D. Zhong, J. Li, 
T. Tsuzuki, Advanced Energy Materials 2016. 
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Figure S1. XRD of MAPbI2Br film before and after being exposed for 12 hours under 
light. 
 
 
 
Figure S2. Micro-PL scan of fresh film (a) and exposed film (b) through glass side. 
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Figure S3. Micro-PL scan of fresh cell showing spatial distribution of the intensity of PL 
peaks. 
 
Figure S4. Parameters of cells monitored at open circuit monitoring for 12 hours under 
light, resting in dark for 12 hours and operated under light for 12 hours again. 
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Figure S5. Reflectance (a) and absorption (b) of fresh cell and cell operated for 12 hours 
under light and open circuit. 
 
 
Figure S6. (a) Micro-PL scan of perovskite cell operate at short circuit under light for 12 
hours. (b) Monitoring of short circuit current. 
